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Diabetes is one of the world’s most widespread diseases,
characterized by persistent hyperglycemia and related to
metabolic disorder, affecting over 327 million people and
causing about 300,000 deaths annually [1]. Despite great
advances in prevention and therapy, existing treatments
for this disorder have serious side effects. On the other
hand, in the modern and contemporary world, the incidence
of metabolic disorders and diabetes is rising continuously
due to modernization in life style and unhealthy dietary
habits, imposing an urgent need for new therapies for the
management of this deadly disease. Plants used in traditional
medicine represent a valuable source in the search for new
medicinal compounds. In traditional system of medicine,
at least 1200 species of medicinal plants are used for their
antidiabetic attributes. However, only a small proportion of
such plants have been scientifically validated [2].

Currently, we are witnessing a great progress in evidence-
based modern medicine and pharmacology. The character-
ization of pharmacological and biological effects of herbal-
based medicines is becoming more competitive and com-
plex, with the involvement of experts in this research area
belonging to different scientific fields, including botany,
chemistry, biochemistry, immunology, molecular biology,
and bioinformatics. However, despite this great progress in
evidence-based modern medicine and pharmacology, tra-
ditional medicinal plants continue to be practiced without
regulations in many countries [3]. It is crucial hence to
keep on studying medicinal plants efficacy including their
toxicity in order to prevent their abuse. This special issue

provides a comprehensive overview on physiological as well
asmolecular and biochemical efficacy ofmedicinal plants and
natural active compounds in treatingmetabolic disorders and
diabetes. For this special issue, the editorial office received
23 papers, and after rigorous peer review process 12 papers
were accepted for publication. All published articles focused
on the theme of this special issue, dealing with biochemical
efficacy, molecular mechanism, or clinical efficacy of plant-
derived samples for themanagement of diabetes or associated
metabolic disorders.

C. Rugerio-Escalona et al. evaluated the antihyper-
glycemic potential of the crude and fractional methanolic
extracts of Hamelia patens Jacq in streptozotocin-induced
hyperglycemic rats. They reported that repeated administra-
tions of the crude or fractional methanolic extract for 20
days lowered blood glucose to a normal level. The extracts
were also shown to have significant 𝛼-glucosidase inhibitory
activity and protective effects of kidney and liver function
parameters. They further subjected the plant extract for
quantitative phytochemical and chromatographic analysis
and identified five compounds. Out of those, epicatechin and
chlorogenic acid had demonstrated antihyperglycemic effect.
Considering its antihyperglycemic potential, the authors
proposed the extracts ofHamelia patens as efficacious source
for the treatment of diabetes.

Increased incidences of diabetes are closely associated
with increase in obesity and related hyperlipidemia. Cur-
rently available synthetic drugs to lower weight or serum lipid
in obese patients have been associated with adverse effect
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progression of drug resistance. Therefore a well-designed
clinical trial to establish the efficacy of an intended molecule
is very important. In the clinical study by S. Kang et al.,
the authors evaluated the impact of Citrus unshiu peel
pellet (CUPP) on obesity and lipid profile. They selected 118
patients, including 88 females with bodymass index > 23 and
gave them Citrus unshiu peel pellet for 4 weeks and observed
a significant decrease in BMI in all subjects after CUPP
treatment. They also observed a significant decrease in total
cholesterol and triglycerides levels. The authors concluded
that CUPP could aid in weight control and improve total
cholesterol level, and they proposed a large-scale trial to
establish the clinical benefits of CUPP.

In another pilot study performed by P. Algenstaedt et al.,
the authors test the effect of daily consumption of Morinda
citrifolia (Noni) fruit juice on the physiological status of type
2 diabetic patients. They treated twenty patients with type
2 diabetes with Morinda citrifolia fruit juice for eight weeks
with regular monitoring of blood glucose levels and other
biochemical parameters. They observed that Morinda citri-
folia fruit juice consumption decreased fasting blood glucose
level in diabetic patients but it did not cause hypoglycemia
in normoglycemic patients. They also reported decrease in
mean HbA1c and CRP values and improvement in insulin
excretion and blood cholesterol status in Morinda citrifolia
fruit juice treated patients. The authors proposed Morinda
citrifolia fruit juice as a suitable additive to the diet of diabetic
patients.

Enhanced rate of morbidity andmortality of diabetics has
become a global health problem and puts a huge economic
burden on the world population, urging researchers to clarify
the pathogenesis of diabetes using advanced techniques.
Proteomic technologies are large-scale research tools that
can provide abundant data regarding the pattern of protein
expression and are widely used to explore the molecular
mechanisms underlying the function of complex bioactive
mixtures. X. Qiu and colleagues reported a comparative pro-
teomic analysis of two differently extracted Coptis Chinensis
(CC) in the treatment of type 2 diabetes. They established
a rat model of type 2 diabetes, treated it with supercritical-
extracted CC and gastric juice extracted CC, and compared
various phenotypic and biochemical parameters between
the groups. The report showed a significant decrease in
triglyceride, total cholesterol, and low density lipoprotein
in both CC-treated groups. Additionally, they reported 15
proteins to be differentially regulated in both CC-treated
groups. These proteins were found to be associated with
glucosemetabolism, insulin action, immunity, inflammation,
lipidmetabolism, oxidation, and antioxidation. From the data
authors established that the two differently extracted CC did
not show significant differences in terms of their treatment
efficacy.

Type 2 diabetes is characterized by insulin resistance in
peripheral tissues, including skeletal muscle, liver, and adi-
pose. Skeletal muscle is the major site for glucose utilization
and insulin resistance in skeletal muscle is characterized
by impaired translocation of insulin sensitive glucose trans-
porter, GLUT4, to cell surface causing decreased rate of glu-
cose uptake. Therefore, interventions with ability to increase

GLUT4 translocation to cell surface can be beneficial for the
management of insulin resistance. In the in vitro study by S.
Kadan et al., the authors assessed the chemical composition,
cytotoxicity, and antidiabetic activity of Gundelia tournefortii
extracts. They revealed 39 compounds in the extracts and
found both the methanol and hexane extract to be safe up to
250𝜇g/ml in vitro. Effect of extracts on glucose metabolism
was assessed by measuring GLUT4 translocation in muscle
cells, and it was found that methanol extract is more efficient
in GLUT4 translocation enhancement. The authors proposed
that Gundelia tournefortii exerts antidiabetic activity by
enhancing GLUT4 translocation to the cell surface in skeletal
muscle.

Inhibition of 𝛼-glucosidase and 𝛼-amylase, which digest
dietary starch into glucose, has been an established method
for controling blood sugar levels. However, currently avail-
able drugs under this category have been reported with
unpleasant gastrointestinal side effects that frequently result
in therapy abandonment. Therefore, it is necessary to con-
tinue the search for new alternatives to 𝛼–glucosidase and
pancreatic lipase inhibitors, with milder side effects and
which contribute to the treatment of obesity and type 2
diabetes mellitus, in conjunction with current therapies.
With the aim of identifying new pancreatic lipase and
𝛼–glucosidase inhibitors for the management of diabetes, D.
Morales et al. reported potential inhibitor for these enzymes
from the hydroalcoholic extract of Ludwigia octovalvis. The
authors reported identifying and characterizing one flavone
(isoorientin) with considerable inhibitory effect of pancreatic
lipase and two compounds with potential inhibitory effect
against 𝛼–glucosidases (ethyl gallate and gallic acid). These
findings might be useful in the development of a potential
novel phytomedicine.

In a similar study, R. S. Shenoy et al. investigated the
triterpene glycoside (TG) fraction, isolated from the etha-
nolic extract of Gymnema sylvestre, for inhibitory activity
against different glucosidases. TG was characterized by being
a mixture of triterpene glycosides, gymnemic acid I, IV, VII,
and gymnemagenin and exhibited effective inhibition of yeast
𝛼- glucosidase, sucrase, maltase, and pancreatic 𝛼-amylase.
TG did not exhibit any toxic effects on 𝛽-cell viability,
showed protection against H2O2 induced ROS generation,
and stimulated glucose-induced insulin secretion in 𝛽-cells.
The authors proposed TG as a functional food ingredient and
a safe nutraceutical candidate for management of diabetes.

Metabolomics is used to evaluate the characteristics
and interactions of low molecular weight metabolites under
a specific set of conditions. It is a powerful analytical
strategy to identify the metabolites in vivo and clarify
metabolic pathways. Especially for metabolic disease, such as
T2DM, metabolomics offers an opportunity to test multiple
metabolic markers in large settings. J. Liu et al. reported a
metabolomics-based clinical efficacy of Tangzhiqing tablet
(TZQ), a Chinese patent medicine, consisting of five herbs,
Paeonia lactiflora,Morus alba, Nelumbonucifera, Salviamilti-
orrhiza, andCrataegus pinnatifida, for type 2 diabetesmellitus
with hypertriglyceridemia. In clinical study with type 2
diabetic patients, they observed that TZQ could reduce gly-
cosylated hemoglobin (HbA1c) and fasting insulin, correlated
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with the baseline level of triglyceride. In metabolomics data
they observed a significant difference between patients and
healthy volunteers and identified 17 biomarkers. After 12-
week treatment with TZQ they found significant decrease
in 11 biomarkers and suggested that TZQ could improve the
metabolomic abnormalities in the participants.

Obesity is the major risk factor for increasing incidences
of diabetes. Therefore, search towards a molecule that can
mitigate both hyperglycemia and obesity is of higher pri-
ority for the management of metabolic syndrome. R. O.
Malematja et al. evaluated the acetone leaf extract of Senna
italic for its cytotoxic, antiglycation, and lipolytic effect.
They also evaluated its effect on glucose uptake and GLUT4
translocation to cell surface and adipogenesis in 3T3-L1
adipocytes. They found that extract had no adverse effect on
cell viability. It showed significant antiglycation effect and
decreased the expression of various adipokines. They also
observed increased rate of glucose uptake associated with
enhanced GLUT4 translocation and expression upon extract
treatment in combination with insulin, mediated through
the PI3K-dependent pathway. In independent study by J. Lee
et al., authors investigated the synergistic effect of Bupleuri
Radix and Scutellariae Radix, an herbal combination from
Korean medicine on obesity model of 3T3-L1 adipocytes.
They reported that combination significantly decreased lipid
accumulation and expression of the important adipogenic
factor PPAR𝛾 and C/EBP𝛼 and their downstream genes
in 3T3-L1 adipocytes. Furthermore, the combination was
reported to activate AMP-activated protein kinase alpha,
thereby regulating energy metabolism.

In the study by C. Tian et al., the authors investigated
the effect and mechanism of action of Wushenziye formula,
a traditional Chinese medicine, on skeletal muscle insulin
resistance in type 2 diabetes. They observed significant
improvement in fasting blood glucose, glycosylated serum
proteins, glycosylated hemoglobin, insulin, and insulin resis-
tance index in type 2 diabetic Goto-Kakizaki rats. Under
in vitro condition, they observed increased glucose con-
sumption, upregulated expression of IRS-1, Akt, and GLUT4,
and decreased expression of PTP1B in skeletal muscle cells
treated with Wushenziye formula. The author demonstrated
that Wushenziye formula regulated glucose metabolism
through modulating PTP1B/ IRS-1/AKT/GLUT4 signaling
and offered Wushenziye formula as a potential candidate for
the management of type 2 diabetes.

The study by Q. Liang et al. aimed to understand the
molecular mechanisms of Zuo Gui Wan (ZGW), classic
formula in traditional Chinesemedicine, on impaired glucose
tolerance in mouse embryo. They used high glucose loaded
two-cell stage mouse embryos as a model and utilized single-
cell RNA sequencing technology for transcriptome analysis.
They observed that ZGW reversed high glucose-mediated
downregulation of genes in the ribosome pathway, leading
to prevention of high glucose-mediated embryo cell death.
They also observed that ZGW promoted sugar metabolism
via tricarboxylic acid cycle through upregulating the genes
in the respiratory chain and oxidative phosphorylation. The
study revealed the global gene regulation changes of high
glucose affecting two-cell stage embryos and also provided

insight into the potential molecular mechanisms of ZGW on
the IGT.

Overall, in light of this special issue, plant based therapeu-
tics can be a better option for themanagement of diabetes and
related metabolic complications. However, proper scientific
validation of efficacy in established experimental models,
clinical efficacy, and assessment for the adverse side effects
is of utmost important, for their further development.
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Objectives. Several experimental studies have reported antiobesity and lipid-improving effects of Citrus unshiu. However, clinical
studies on its effects are lacking. This study was designed to evaluate the impact of Citrus unshiu peel pellet (CUPP) on obesity
and lipid profile. Methods. For 118 patients with body mass index (BMI) > 23 who took Citrus unshiu peel pellet (CUPP) for 4
weeks in a Public Health Center, laboratory and biometric readings before and after CUPP administration were analyzed. Results.
Mean age of these subjects was 53.8±10.6 years (range: 18-75 years). There were 88 (74.6%) females in the study sample (n = 118). A
significant (p < 0.01) decrease in BMI from 27.47±2.24 to 27.27±2.22 was observed in all subjects after CUPP treatment and 65.3%
(N = 77) of them lost 1.03±0.83 kg of weight after 4 weeks of treatment. Total cholesterol level was significantly (p < 0.01) decreased
from 204.0±37.4mg/dL to 193.5±36.5mg/dL. Significant (p < 0.05) decreases in levels of low-density lipoprotein, cholesterol, and
triglyceride were also observed. Conclusions. These results suggest that CUPP in practice could help weight control and improve
total cholesterol level. Findings of this study provide clinical foundation for future large-scale trials to establish clinical benefits of
CUPP.

1. Introduction

Obesity and related hyperlipidemia have become major
worldwide health problems. With sharply increasing inci-
dence of metabolic disease and associated morbidity and
mortality, both medical and economical costs are also
expected to increase [1]. Nowadays, synthetic drugs to lower
weight or serum lipid in obese patients with hyperlipidemia
are available. However, they have limitations such as adverse
effects and progression of drug resistance [2]. In this regard,
application of medicinal plants is necessary.

Citrus flavonoids as polyphenolic compounds have
emerged as promising therapeutic agents for the treat-
ment of obesity, insulin resistance, and dyslipidemia [3, 4].
Flavonoids such as naringin, hesperidin, and nobiletin have
been experimentally proven to be able to lower lipid levels
with insulin-sensitizing and anti-inflammatory properties
primarily through inhibition of hepatic fatty acid synthesis
and induction of increased fatty acid oxidation [5–8]. Citrus

aurantium has been used as one of common dietary supple-
ments for weight loss in the US because it increases energy
expenditure and lipolysis and acts as a mild appetite sup-
pressant [9, 10]. Synephrine, its proposed active constituent,
can mimic the action of epinephrine and norepinephrine as
alpha-adrenergic agonists. However, human clinical studies
have demonstrated that naringin or hesperidin supplement
exerts no effect on lipid profile [11, 12]. Active compound
isolated from herbs rarely demonstrates high pharmacolog-
ical activity against metabolic dysregulation because there is
no synergistic interaction or multifactorial effects between
various compounds present in herbal extract [13]. Therefore,
clinical study of citrus extract itself, not isolated flavonoid on
the metabolic diseases, is required.

Dried peel ofCitrus unshiuMarkov has been traditionally
used as a popular herbal ingredient for treatment of vari-
ous digestive dysfunctions, including abdominal distension,
nausea, vomiting, and dyspepsia in East Asia such as Korea
and Japan [14]. Based on its excellent properties and safe use,
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this herb has been commonly used for a long time in food
or medicine preparation which was registered and managed
as policy documents of Korea Food and Drug Adminis-
tration [15, 16]. The dried peel of Citrus unshiu, like other
citrus species, has been experimentally proven to be able
to ameliorate hyperglycemia through inhibition of hepatic
gluconeogenic enzyme and induction of insulin/glucagon
secretion. It can also ameliorate hypertriglyceridemia via
inhibition of lipid absorption and lipogenesis. In addition,
it promotes lipolytic effects in the liver [17–20]. However,
clinical studies on the effect of Citrus unshiu on obesity
and lipid metabolism are insufficient [21]. Therefore, the
objective of this study was to explore the efficacy and safety of
Citrus unshiu in overweight or obese subjects. Results of this
study will provide a clinical foundation for future large-scale
clinical trials.

2. Patients and Methods

2.1. Subjects and Ethics. The Public Health Center in Jejusi,
Republic of Korea, has provided a variety of weight man-
agement programs including exercise, diet, and behavior
modification to local residents. Herbal medicines were also
provided to those who did not lose weight after such effort
with voluntary consent. According to the Asia-Pacific obesity
classification, all subjects were classified into five different
groups: underweight (< 18.5 kg/m2), normal weight (18.5 to
22.99 kg/m2), overweight (23 to 24.99 kg/m2), class I obese
(25 to 29.99 kg/m2), and class II obese (≥ 30 kg/m2) [22].
Therefore, all 157 adult patients with BMI greater than
23 kg/m2 were treated with Citrus unshiu peel pellet (CUPP)
for 4 weeks between September and October 2017. After
excluding cases with missing data on anthropometric and
biochemical parameters before and after CUPP adminis-
tration, 118 patients were finally analyzed. This project was
approved by the Institutional Review Board of Dankook Uni-
versity (DKU 2017-11-001). It was conducted in accordance
with the Declaration of Helsinki.

2.2. Citrus unshiu Peel Pellet (CUPP) and Treatment Course.
CUPP was prepared from dried peels of Citrus unshiu
cultivated organically in Jeju Island, Republic of Korea.
After juice extraction process, Citrus unshiu peels were
collected and dried in an air-oven at 50∘C. Subsequently, they
were crushed and sieved to particle size of 0.25mm. They
then underwent agglomeration to form larger pellet size of
5mm.

For analysis of CUPP components, 10 grams of the final
CUPP was extracted with 10ml of 80% methanol under
ultrasonication for 30min and centrifuged at 3000 rpm for
5min. The supernatant was filtered through a Whatman No.
1 filter paper. The filtrate was concentrated using a vacuum
rotary evaporator (Büchi R-100, Germany) and lyophilized
using a freeze dryer (Ilshin Biobase, Korea). The extract
was dissolved in high-performance liquid chromatography
(HPLC) grademethanol to a final concentration of 10mg/mL.
The solution was filtered through a 0.45-𝜇m membrane and
20𝜇L of the filtrate was subjected to HPLC analysis. HPLC

Narirutin

Nobiletin

Hesperidin

Figure 1: Major constituents of Citrus unshiu peel pellet (CUPP)
revealed by HPLC.

profile of CUPP is shown in Figure 1, showing the presence of
narirutin, hesperidin, and nobiletin.The quality of CUPPwas
tested and controlled according to quality standards of the
Korea Food and Drug Administration (hesperidin content
> 4.0%). The proximate composition of CUPP following
AOAC method was carbohydrate (82.4%), sugar (18.9%),
crude protein (5.8%), crude fat (0.0%), and caloric value
(353.2 kcal/100 g). Daily oral administration of 18mg (6mg
three times a day) of CUPP was prescribed.

2.3. Protocols and Procedures. Demographic and clinical
variables including gender, age, waist circumference, weight,
height, and medical comorbidities were collected from
patients. Waist circumference was measured at the mid-
way between the last rib and the iliac crest. BMI was
calculated as kg/m2. Body composition, particularly the
amount of body fat, was measured by multifrequency
tetrapolar bioelectrical impedance method (InBody230�,
Biospace, Seoul, South Korea) after at least 8 hours of
fasting. Fasting blood samples were also obtained for lab-
oratory analysis of aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), 𝛾-glutamyltranspeptidase (𝛾-
GTP), total cholesterol (TC), triglyceride (TG), high-density
lipoprotein (HDL) cholesterol, and low-density lipopro-
tein (LDL) cholesterol levels. These clinical data including
anthropometric and biochemical parameters were repeat-
edly measured after 4 weeks of CUPP treatment under
similar fasting conditions. Medications for commodities
were not changed during the 4 weeks of CUPP treatment.
Recorded adverse effects during CUPP administration were
also checked.

2.4. Statistical Analyses. Baseline demographic and clinical
characteristics of patients are reported as mean ± standard
deviation for continuous variables and as frequencies and
percentages for categorical variables. Differences in anthro-
pometric and biochemical parameters between groups were
examined by Student’s t-test. Paired samples t-test was used
to evaluate the significance and difference in data obtained
from quantitative laboratory and biometric tests before and
after treatment with CUPP. Pearson correlation analysis was
performed for weight loss and changes in TC level. Statistical
significance was considered when 𝑝 value was equal to or
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Table 1: Changes in clinical variables after 4 weeks of CUPP treatment (N = 118).

Baseline 4th Week 𝑝

Waist circumference (cm) 91.53±7.55 90.36±7.27 0.0002
Weight (kg) 71.09±9.52 70.59 ±9.40 < 0.0001
BMI (kg/m2) 27.47±2.24 27.27±2.22 < 0.0001
Body fat mass (kg) 24.98±4.78 24.87±4.61 0.481
Fat free mass (kg) 46.11±8.57 45.68±8.84 0.023
Systolic blood pressure (mmHg) 128.9±16.6 126.9 ±14.8 0.554
Diastolic blood pressure (mmHg) 81.4±10.8 81.9±10.7 0.558
Total cholesterol (mg/dL) 201.5±37.4 192.8±36.5 < 0.0001
LDL cholesterol (mg/dL) 117.3±34.5 111.8±34.6 0.011
HDL cholesterol (mg/dL) 56.3±14.6 55.8±13.2 0.482
Triglyceride (mg/dL) 139.7±78.0 126.1±74.5 0.026
AST (U/L) 24.1±8.1 22.4±8.1 0.0093
ALT (U/L) 23.3±12.3 21.2±11.6 0.0167
𝛾-GTP (U/L) 29.9 ±38.5 32.0 ±35.9 0.153
BMI: body mass index; AST: aspartate aminotransferase; ALT: alanine aminotransferase; and 𝛾-GTP: 𝛾-glutamyltranspeptidase.

less than 0.05. All statistical analyses were carried out using
R, a free package from the R Foundation for Statistical
Computing.

3. Results

The study population was composed of 30 males and 88
females with a mean age of 53.8±10.6 years (range: 18-
75 years) and a median BMI of 27.1 kg/m2 (range: 23.4-
36.1 kg/m2). Around a third of these subjects (N = 38,
32.2%) were taking antihypertension medication along with
dyslipidemia medication including statin (N = 29, 24.6%) or
oral hypoglycemic drugs for type 2 diabetes (N = 7, 5.9%).
With respect to smoking history, there were five (4.2%)
current smokers, 13 (11.0%) former smokers, and 100 (84.7%)
never-smokers. Regarding alcohol consumption, there were
66 (55.9%) current drinkers, 5 (4.2%) former drinkers, and
47 (39.8%) never-drinkers.

Main characteristics of anthropometric and biochemical
measurements between baseline and 4th week after CUPP
administration are summarized in Table 1. BMI, weight,
and waist circumference were significantly decreased after
CUPP treatment. However, the reduction volume of BMI was
only about 0.2 kg/m2 with weight reduction of 500 grams
during 4 weeks. There was no change in fat mass based
on bioelectrical impedance method. However, 77 (65.3%)
responders experienced weight loss after CUPP treatment,
amounting to 1.03±0.83 kg in 4 weeks.

Based on laboratory tests, TC exhibited significantly
more decrease compared to other lipid levels. This could
be explained by LDL cholesterol reduction, but not HDL
cholesterol reduction. Subanalysis after separating normal
and abnormal TC or LDL cholesterol range also demon-
strated that TC and LDL cholesterol levels in the abnormal
group were decreased more by CUPP treatment compared
to those in the normal group (Figures 2 and 3). Moreover,
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Figure 2: Total cholesterol changes in subjects with normal range (<
200mg/dL) and abnormal range (≥ 200mg/dL) of cholesterol before
CUPP treatment, showing definite improvement in the abnormal
group after treatment.

TC reduction subsequent to CUPP treatment was indepen-
dent of statin medications (𝑝 = 0.797) or weight loss (r
= 0.0597, 95% CI: −0.122 to 0.238, 𝑝 = 0.521, Figure 4),
suggesting that CUPP treatment could complement statin
with different mechanism of action. AST and ALT levels were
also significantly decreased below their normal ranges. This
suggests that CUPP treatment is safe for the liver.

Adverse events related to CUPP treatment were not
serious. Gastrointestinal discomfort (N = 19, 16.1%), mild
diarrhea (N = 8, 6.8%), headache (N = 1, 0.8%), and dizziness
(N = 1, 0.8%) were reported which resolved later without any
intervention.
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Figure 3: Changes in low-density lipoprotein (LDL) in subjects with
normal range (< 130mg/dL) and abnormal range (≥ 130mg/dL) of
LDL before CUPP treatment, showing definite improvement in the
abnormal group after treatment.
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Figure 4: Total cholesterol versus weight change during CUPP
treatment based on taking or not taking statin medication (corre-
lation coefficient r = 0.0597, 𝑝 = 0.521).

4. Discussion

Compounds present in CUPP are narirutin, its isomer
naringin, hesperidin, and nobiletin. They have been proven
to exert antiobesity effects both in vitro and in vivo [5–8].
Furthermore, these compounds have been found to display
strong anti-inflammatory and antioxidant activities [23]. A
number of molecular mechanisms particularly underlying
lipid metabolism in obesity have been explained [3, 4].

It has been reported that hesperidin possesses inhibitory
activity against lipase, resulting in inhibition of fat absorption
[6]. Nobiletin can improve obesity and insulin resistance
in rats fed a high-fat diet by increasing PPAR𝛾 expression
or regulating NF-𝜅B and Nrf2 pathways [7, 24]. However,
therapeutic uses of these flavonoids are significantly limited
due to the lack of adequate clinical evidence.

Peel extracts of Citrus unshiu have shown antiobesity
effects through inhibition of lipogenesis and adipogenesis in
both normal and high-fat diet fed animal models compared
to peel extracts of other citrus such as Citrus aurantium L.
which does not demonstrate any improvement in obesity in
normal diet fed mice [17, 20, 25, 26]. The preventive effect
of Citrus unshiu on atrophy of skeletal muscle and weight
loss by suppressing systemic inflammation and production
of procachectic factors in tumor-bearing mice has been
reported [27]. Our results showed that CUPP has antiobesity
effect after 4 weeks of treatment, with 500 grams of reduction
in weight of obese subjects. Previous studies on Citrus
unshiu have shown its antiobesity effect after 9 weeks of
administration in high-fat diet fed Sprague-Dawley male rats
as well as after 5 or 6 weeks of administration in normal diet
fed mouse [17, 20]. Therefore, it has been proposed that the
observation period should be longer than 4 weeks to notice
sufficient effect of CUPP on weight loss.

Effects of Citrus unshiu on lowering cholesterol and TG
have been repeatedly confirmed in many preclinical studies
[17, 19, 28]. Amixture of naringin and hesperidin can also sig-
nificantly lower levels of plasma and hepatic cholesterol and
TG levels aswell as 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) reductase activity in rats [29]. However, in human
studies, citrus flavonoids such as naringin (500mg/day) or
hesperidin (800mg/day) did not exhibit any lipid-lowering
activity on TC, LDL cholesterol, or TG levels after 4 weeks of
administration in moderately hypercholesterolemic individ-
uals [11]. Another clinical study has demonstrated that peel
extract of Citrus unshiu could significantly suppress elevated
TG level, but not TC level [21]. Our study showed that CUPP
administration for only 4 weeks significantly decreased TC,
LDL cholesterol, and TG concentrations in plasma. The
lipid-lowering mechanism of Citrus unshiu is suggested as
follows. Reduced hepatic steatosis along with increased hep-
atic insulin sensitivity and fatty acid oxidation can promote
apolipoprotein B degradation, thereby contributing to low-
ering the secretion of LDL and LDL particle and circulating
cholesterol level [3]. The beneficial effect of Citrus unshiu
is associated with 5-adenosine monophosphate-activated
protein kinase activation in adipose tissue [30]. Additionally,
Citrus unshiu could change microbiota in the colon. The
white part of the peel from Citrus unshiu can decrease serum
TG due to increased levels of bifidobacteria in rat cecum
[31].

Our study population was chiefly middle-aged women
experiencing estrogen hormone changes at menopause, a
condition well known to be associated with obesity and
hyperlipidemia [32]. The peel of Citrus unshiu can signifi-
cantly lower TC andTGconcentrations in the liver of ovariec-
tomized rats showing obvious lipid metabolic disturbance
[28]. Therefore, it was hypothesized that CUPP could be
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more beneficial for individuals with dyslipidemia and those
who were suffering from a reduction in estrogen levels.
In our study, lipid-lowering effect of CUPP treatment was
independent of weight loss or statin medications. Therefore,
CUPP could help the condition of dyslipidemia in individuals
with lean body mass or in patients whose lipid levels remain
uncontrolled even by statin medication. CUPP treatment is
tolerable with only minor nonhematologic adverse effects
including gastrointestinal discomfort (16.1%) and mild diar-
rhea (6.8%). In some cases, improvement in constipation was
observed. It could be explained by increased gastrointestinal
motility by CUPP based on a preclinical study [14]. None
of our patients discontinued CUPP treatment due to CUPP-
related adverse events.

This study has several limitations that should be con-
sidered. Firstly, this study was planned as part of a health
promotion program at a Public Health Center, not for
clinical trial. Thus, the absence of a control group to
make a comparison led to careful interpretation of results.
However, most of enrolled subjects had failed in weight
loss in spite of a variety of weight management programs
including exercise, diet, and behavior modification previ-
ously provided by the Public Health Center for more than
6 months. Therefore, the improvement of weight circumfer-
ence, weight, or total cholesterol without lifestyle changes
could be interpreted by the effect of CUPP treatment.
Secondly, the observation period was only for 4 weeks,
which is relatively short compared to most intervention
trials on obesity. If CUPP treatment would be administered
for a longer observation period, the effect of weight loss
could be even greater. Finally, there was no inquiry of daily
intake showing the changes of calorie intake. Therefore,
it is difficult to distinguish whether the effect of CUPP
treatment is due to a decrease in the amount of diet through
loss of appetite or an increase of the basal metabolic rate
which were suggested by the mechanism of action in Citrus
flavonoids.

In conclusion, this study shows that CUPP treatment
is well tolerated in overweight or obese patients for weight
control. It can improve lipid levels in those with moderate
dyslipidemia either alone or in combination with statin.
Therefore, our results encourage further studies on the
lipid-lowering effect of CUPP or its flavonoids due to low
toxicity and different mechanism of action compared to
conventional statin medication. Additional randomized and
well-controlled multicenter clinical trials involving large
populations are necessary to evaluate the efficacy and safety
of CUPP in the treatment of obesity and dyslipidemia.
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Coptis chinensis (CC) is widely used to treat diabetes in traditional Chinese medicine due to its significant hypoglycemic and
hypolipidemic effects. It was reported that CC powders are more effective than CC decoctions. In this study, a rat model of type
2 diabetes was established and treated with supercritical-extracted CC and gastric juice extracted CC, respectively. Body weight,
fasting plasma insulin, insulin resistance index, and lipid profiles were measured along with oral glucose tolerance tests (OGTTs).
In addition, the levels of plasma proteins were compared between type 2 diabetic rats and CC-treated rats using an iTRAQ-based
quantitative proteomic analysis. The results showed that the plasma levels of triglyceride (TC), total cholesterol (TG), and low-
density lipoprotein (LDL) in rats of both CC-treated groups were significantly decreased. In addition, the proteomic analysis
identified 929 proteins, while 15 proteins were selected from these 929 proteins based on their expression levels and bioinformatic
results. Among these 15 proteins, 9 proteins (IGF-1, Igfbp4, Igfbp-6, Igfals, C2, C4, Cfi, Prdx-2, and Prdx-3) were upregulated in
the two CC-treated groups, while 6 proteins (Pla2g7, Pcyox1, ApoC-1, ApoC-3, ApoB-100, and ApoE) were downregulated. The
functions of these proteins are associated with glucose metabolism, insulin action, immunity, inflammation, lipid metabolism,
oxidation, and antioxidation. The two differently extracted CC did not show significant differences in terms of their treatment
efficacy. This research expanded our understanding on the therapeutic effects and mechanisms of CC in the treatment of type 2
diabetes.

1. Introduction

The number of diabetic patients in the past 35 years has
increased by four times. It was estimated that the global
incidence of diabetes was about 9% in 2014 [1]. In China,
the incidence of adult diabetes reached 11.6% and the rate
of prediabetes was 50.1%. However, only 25.8% of diabetics
received hypoglycemic treatment, and only 39.7% of treated
diabetics achieved successful glucose control [2]. It has been
reported that poor control of blood glucose led to the
deaths of 370 million diabetics in 2012 [3]. High mortality
of diabetes has become a global health problem and puts

a huge economic burden on the world population, urging
researchers to clarify the pathogenesis of diabetes using
advanced techniques.

Proteomic technologies are large-scale research tools that
can provide abundant data regarding the pattern of protein
expression and are widely used to explore the molecular
mechanisms underlying the function of complex bioactive
mixtures, including traditional Chinese medicine (TCM).
Recently, a newmethod, isobaric tags for relative and absolute
quantity (iTRAQ), has been used to simultaneously measure
protein content in multiple test samples. As an automatic,
multidimensional, and more sensitive tool, iTRAQ labeling
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coupled with liquid-phase secondary mass spectrometry
(LC-MS/MS) is more suitable for the study of pathogenic
mechanisms and pathophysiology of diseases [4, 5].

Coptis chinensis (CC, Huanglian in Chinese) has been
used to treat diabetes for thousands of years in China. The
main components of CC are berberine, epiberberine, copti-
sine, palmatine, ferulic acid, and berberrubine (Figure 1) [6].
Berberine has been proved to reduce insulin resistance and
promote insulin secretion [7]; epiberberine, coptisine, and
palmatine exert a strong effect on aldose reductase inhibition
[8]; jatrorrhizine and ferulic acid [9, 10] also play a certain
hypoglycemic and lipid-regulating role. All above compo-
nents might contribute to the effect of CC in the treatment
of type 2 diabetes mellitus (T2DM). In addition, evidence
has shown that CC powders have better pharmacokinetic
properties than CC decoctions. For example, our previous
work showed that, as compared with a CC decoction, CC
powders demonstrated higher bioavailability, slower in vivo
elimination, and better absorption and distribution profiles
[11]. CC powders also exert excellent hypoglycemic and lipid-
lowering effects [12]. However, the mechanisms underlying
the functions of CC and its molecular targets in the treatment
of T2DM remain unclear.

In this study, the iTRAQ technology was used to compare
the effect of CC obtained by two different extracted methods
in the treatment of diabetic rats. In addition, differentially
expressed proteins in the plasma of diabetic rats and CC-
treated rats were identified using a proteomic technology.
At the same time, the potential pathways of these proteins
implicated in the pathogenesis of T2DM were elucidated
using pathway and network analyses.

2. Materials and Method

2.1. Substances. Dried rhizoma of CC was purchased from
Hubei Herbal Medicine Company (Wuhan, China) and was
identified by Prof. Zhang Xiu-Qiao from Hubei University
of Chinese Medicine as Coptis chinensis Franch, which was
called “Wei Lian” in Chinese. The purchased CC was ground
into powders and kept in a desiccator at ambient temperature.
In order to obtain homogenous powders, the dried powders
were filtered through a sieve of 450 ± 20 𝜇mmeshes.

Supercritical extraction of CC was carried out as fol-
lows: 200 g of CC powder was placed into an extraction
kettle (HA221-40-11-C supercritical fluid extractor, Nantong,
China).The extraction conditions were as follows: extraction
time, 5 min of static extraction followed by up to 2 h of
dynamic extraction; temperature, 50∘C; pressure, 200 Mpa;
entrainer, 300 ml of 90% methanol; flow rate of carbon
dioxide (gaseous state), 30 L/h; temperature or extraction
and separation: 45∘C. With the 200 g input, about 11.59 g of
dried powder was extracted and stored in a refrigerator at 4∘C
before use.

Gastric juice extracted CC was prepared as follows: 20 g
of CC powder was mixed with an artificial gastric juice (pH
1.2, obtained by dissolving 2.0 g of sodium chloride in 7.0 mL
of hydrochloric acid and further diluted with water to a final
volume of 1,000 mL [13]) for 30 min at 37∘C. Subsequently,

the mixture was filtered twice and the filtrate was combined.
After being evaporated in a rotary evaporator and freeze-
dried, about 4.00 g of extract were obtained and stored at 4∘C
for subsequent use.

2.2. Animals, Groups, and Intervention. MaleWistar rats with
a weight of between 190 and 210 g were purchased from
WeiTongLiHua Co., Ltd, and housed in SPF Grade facilities
in the experimental animal center of Huazhong University
of Science and Technology (SCXK (Jing)2012-0001). After
10 days of acclimatization, the rats were randomly divided
into a normal group (N group) and a high glucose fatty diet
group (HGFD group). The rats in the N group was fed with
a standard diet (containing 35% flour, 20% corn meal, 20%
soy meal, 15.5% bran, 5% fishmeal, 1% dusty yeast, 0.5% bean
oil, 2.5% bone meal, and 0.5% salt), while the diet in the
HGFD group contained 67.5% of the standard diet, 12% lard,
2% cholesterol, 0.5% bile salts, and 20% sugar. The dietary
regimens of the rats in different groups were maintained the
same throughout the entire experiment. Forty days later, each
rat in the HGFD group received an intravenous injection
of 24 mg/kg streptozotocin (STZ) [14]. Subsequently, the
normal 95% confidence intervals (CIs) at various time points
of the oral glucose tolerance test (OGTT) were calculated
based on the blood glucose level of the rats in the N group.
If the blood glucose was greater than 20% of the upper
limit of CI at any time point, the rats were considered as
successfully modeled diabetic rats. These diabetic rats were
then randomly divided into a model group (M group) and
different treatment groups, with 15 rats in each group. All
experiments were approved by the animal ethics committee
of Huazhong University of Science and Technology (No.
2016S615).

The treatment groups included a group treated by CC
obtained using supercritical extraction (A group), a group
treated by CC obtained using artificial gastric juice extraction
(B group), and a group treated by metformin (D group). All
test compounds were dissolved in a 1: 1 oil-water mixture.
CC obtained using supercritical extraction was administered
in the A group at a dose of 85mg/kg/day. CC obtained
using artificial gastric juice extraction was administered in
the B group at a dose of 333 mg/kg/day [15]. In the D
group, the daily dose of metformin was 184 mg/kg. Daily
lavage volume of each rat was 1 ml/100 g body weight, and
the solution concentration was calculated according to the
lavage volume. In addition, a 1:1 mixture of oil and water
was given to the rats in N and M groups via intragastric
administration. The doses of gastric irrigation were given
for 9 weeks and adjusted weekly based on the weight of the
rats.

2.3. OGTT, Plasma Lipid, and Insulin Measurement. After
the interventions were carried out, all rats were subjected to
OGTT. During OGTT, the rats were fasted for 12 h before 2
g/kg of glucose was administrated. Tail vein blood samples
were collected from each rat at 0, 60, and 120 min after the
intragastric administration to detect the blood glucose levels
using a glucose monitor (Roche, German).
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After the experiment was completed, all animals were
anesthetized by intraperitoneal injection of 50 mg/kg pen-
tobarbital sodium. Abdominal aorta blood samples were
then collected using heparin sodium anticoagulant tubes.
Subsequently, the blood samples were centrifuged at 3000
rpm for 10 min to separate plasma. A part of the separated
plasma was used to measure the levels of lipids, while the
remaining part of the separated plasma was rapidly frozen
under liquid nitrogen and stored at −80∘C for proteomic
analysis.

The concentration of plasma insulin was measured using
a Rat/Mouse Insulin ELISA kit (Millipore, German). For the
detection of triglyceride (TG) content and total cholesterol
(T-CHO), a colorimetric assay (Jiancheng, Nanjing, China)
was used. A double reagent direct method (Jiancheng, Nan-
jing, China) was used to detect the level of low-density
lipoprotein (LDL).

2.4. Protein Extraction, Digestion, and iTRAQ Labeling. The
plasma samples were transferred into 5-mL centrifuge tubes,
which were then centrifuged at 12,000 g and 4∘C for 10 min
to collect the supernatant. Subsequently, the samples were
processed by a ProteoMiner� Protein Enrichment Small-
CapacityKit (Bio-Rad,US) to enrich low abundance proteins.
Finally, the protein concentration was determined with a
BCA kit (Biyuntian, China) according to the manufacturer’s
instructions.

For digestion, the protein solution was reduced with 5
mM dithiothreitol for 30 min at 56∘C and alkylated with 11
mM iodoacetamide for 15 min at room temperature away
from light. Each protein sample was then diluted by 100 mM
TEAB until the urea concentration was less than 2M. Finally,
trypsin was added to the samples at a 1:50 trypsin-to-protein
mass ratio and incubated overnight to carry out the first
digestion, followed by another 4 h digestion using a 1:100
trypsin-to-protein mass ratio.

After trypsin digestion, peptides were desalted by a
Strata X C18 SPE column (Phenomenex), vacuum-dried,
reconstituted in 0.5 M TEAB, and processed with an iTRAQ
kit according to the manufacturer’s protocol. In brief, one
unit of iTRAQ reagent was thawed and reconstituted in
acetonitrile. The peptide mixtures were then incubated with
the iTRAQ reagent for 2 h at room temperature, pooled,
desalted, and dried by vacuum centrifugation.

2.5. HPLC Fractionation. The tryptic peptides were fraction-
ated into fractions by high pH reverse-phase HPLC using an
Agilent 300Extend C18 column (5 𝜇m particles, 4.6 mm ID,
250 mm length). In brief, peptides were initially separated
into 60 fractions over 60 min with 8% to 32% gradient ace-
tonitrile (pH 9.0). Subsequently, the peptides were combined
into 18 fractions and dried by vacuum centrifugation.

2.6. LC-MS/MSAnalysis. The tryptic peptides were dissolved
in 0.1% formic acid (solvent A) and then directly loaded
onto a homemade reversed-phase analytical column (15-cm
length, 75 𝜇m ID). The gradient elution included an increase
from 6% to 23% of solvent B (0.1% formic acid in 98%

acetonitrile) over 26 min, followed by an increase from 23%
to 35% of solvent B in 8 min, an increase to 80% of solvent
B in 3 min, and holding at 80% of solvent B for 3 min. All
elution was carried out at a constant flow rate of 400 nL/min
on an EASY-nLC 1000 UPLC system.

The peptides were ionized by an NSI source and ana-
lyzed online by Q ExactiveTM Plus (Thermo) tandem mass
spectrometry (MS/MS) coupled to UPLC. The electrospray
voltage was 2.0 kV. The m/z scan range was 350 to 1800 for
full scan, and intact peptides were detected in the Orbitrap
at a resolution of 70,000. Peptides were subsequently selected
for MS/MS using an NCE setting of 28, and the fragments
were detected in theOrbitrap at a resolution of 17,500. A data-
dependent procedure was used and contained cycles of one
MS scan followed by 20 MS/MS scans with 15.0 s dynamic
exclusion. Automatic gain control (AGC) was set at 5E4.
Fixed first mass was set as 100 m/z.

2.7. Database Search. The resulting MS/MS data were pro-
cessed using a Maxquant search engine (v.1.5.2.8). Tan-
dem mass spectra were searched against the UniprotKB
Rattus norvegicus database, which covered 35842 of pro-
tein sequences concatenated with reverse decoy database.
Trypsin/P was specified as the cleavage enzyme and up to
2 missing cleavages were allowed. The range of the initial
search was set to 5 ppm for precursor ions, while the range
of the primary search was set to 5 ppm and 0.02 Da for
fragment ions. Carbamidomethyl on Cys was specified as
fixed modification, while the oxidation on Met was specified
as variable modifications. FDR was adjusted to < 1% and
minimum score for peptides was set to > 40. To evaluate the
significant changes in protein expression, cut-off values of >
1.5- or < 0.667-fold changes in protein expression were used.

2.8. Bioinformatics Methods

2.8.1. Annotation Methods

GO Annotation. Gene Ontology (GO) annotation
proteome was derived from the UniProt-GOA database
(www.http://www.ebi.ac.uk/GOA/). Firstly, each identified
protein ID was converted to a UniProt ID and subsequently
mapped to a GO ID based on the protein ID. If some
identified proteins were not annotated by the UniProt-GOA
database, InterProScan software would be used to annotate
the GO functions of the proteins using a protein sequence
alignment method. Subsequently, the proteins were classified
by Gene Ontology annotations based on three categories:
biological process, cellular component, and molecular
function.

Domain Annotation. Using the InterPro domain database
(http://www.ebi.ac.uk/interpro/), a freely accessible database
that integrates diverse information about protein families,
domains, and functional sites, the domain functional descrip-
tions of identified proteins were annotated by InterProScan
(a sequence analysis tool) based on a protein sequence
alignment method. The key elements of the InterPro domain

http://www.ebi.ac.uk/GOA/
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database are diagnostic models, known as signatures, against
which protein sequences can be mapped to determine their
potential functions. InterPro has been used in the large-scale
analysis of whole genomes and metagenomes, as well as in
characterizing individual protein sequences.

KEGG Pathway Annotation. Kyoto Encyclopedia of Genes
andGenomes (KEGG) database was used to annotate protein
pathways. Firstly, using KAAS, a KEGG online service tool,
the KEGG database description of the proteins was anno-
tated. Subsequently, the annotation results were mapped to
the KEGG pathway database using KEGG mapper, a KEGG
online service tool.

2.8.2. Functional Enrichment

Enrichment of Gene Ontology. Proteins were classified by GO
annotation into three categories: biological process, cellular
compartment, and molecular function. For each category,
a two-tailed Fisher’s exact test was employed to test the
enrichment of the differentially expressed protein against all
identified proteins.The GOwith a corrected p value of < 0.05
was considered significant.

Enrichment of Pathways. Encyclopedia of Genes and
Genomes (KEGG) database was used to identify enriched
pathways by a two-tailed Fisher’s exact test, so that the
enrichment of differentially expressed proteins could be
tested against all identified proteins. The pathways with a
corrected p value of < 0.05 were considered significant.These
pathways were then classified into hierarchical categories
according to the instruction on the KEGG website.

Enrichment of Protein Domains. For the proteins in each
category, the InterPro (a tool used for the functional analysis
of protein sequences by classifying them into families and
by predicting the presence of domains and important sites)
database was searched and a two-tailed Fisher’s exact test was
employed to test the enrichment of differentially expressed
proteins against all identified proteins. Protein domains with
a p value of < 0.05 were considered significant.

2.8.3. Enrichment-Based Clustering. For further hierarchical
clustering based on different functional classifications of
proteins (such as GO, Domain, Pathway, and Complex),
all categories obtained after enrichment were first collated
along with their P values and subsequently filtered to select
categories which were at least enriched in one of the clusters
with a P value of <0.05. This filtered matrix of P values was
then transformed using the formula x = − log 10 (P value).
Finally, these x values were z-transformed for each functional
category and the z scores were subsequently clustered by
one-way hierarchical clustering (Euclidean distance, average
linkage clustering) in Genesis. Cluster memberships were
visualized by a heat map using the “heatmap.2” function in
the “gplots” R-package.

2.9. Statistical Analysis. Statistical analyses were performed
with GraphPad Prism version 5.01 (GraphPad Software, Inc.,

SanDiego, CA, USA).The variables in each groupwere tested
to determine if they were normally distributed. Analysis of
variance was used for the comparisons of sample means
among multiple groups. The SNK method was used for
pairwise comparison. 𝑃 < 0.05 was considered to be
significant.

3. Results

3.1. CC Decreases Plasma Glucose and Lipid in Diabetic Rats.
Consistent with a previous study, diabetic rats showed weight
loss, abnormal OGTT results, an elevated plasma lipid level,
and a reduced concentration of fasting plasma insulin [16].
CC intervention did not significantly increase body weight
and fasting concentration of plasma insulin. However, CC
reversed elevated levels of fasting and postprandial blood glu-
cose, plasma TG, and T-CHO in diabetic rats. Furthermore,
CC decreased insulin resistance index (IRI) as well as LDL
in diabetic rats. Among the above indicators, there were no
significant differences between the two extracted CC. These
data indicated that CC exerted beneficial effects onmetabolic
parameters (Figure 2).

3.2. Comparative Analysis of Plasma Proteomic Changes in
Each Group. This study measured a total of 929 proteins,
of which 789 proteins produced quantitative information. In
this study, more than 1.5 times increase in protein expression
was considered as a significant increase, while a reduction
in protein expression to a level less than 0.67 of the normal
level was considered as a significant reduction. Subsequently,
in the N and M groups, the expression of 115 proteins
was upregulated and the expression of 116 proteins was
downregulated. In the A and M groups, the expression of 101
proteins was upregulated and the expression of 59 proteins
was downregulated. In both N and M groups, the expression
of 70 proteins was upregulated and the expression of 58
proteins was downregulated. In both B and M groups, the
expression of 109 proteinswas upregulated and the expression
of 71 proteins was downregulated (Table 1).

3.3. Functional Classification and Functional Enrichment of
GO Annotation. Based on the above data, a bioinformatics
analysis of proteins containing quantitative information,
including protein annotation, functional classification, and
functional enrichment, was carried out systematically.

3.3.1. N versus M Group. Differentially expressed proteins in
the N and M groups were categorized based on the results of
GOenrichment analysis. In terms of biological processes, 14%
of the proteins with elevated expression were related to each
of the “biological regulation”, “single-organism process”,
“response to stimulus”, and “cellular process” (Figure 3(a)),
while each of “cellular process” and “metabolic process”
involved 15% of the proteins with decreased expression.
Around 13% of the proteins with decreased expression were
related to “single-organism process” (Figure 3(b)). In terms
of cellular components, 32% and 21% of the proteins with
elevated expression were related to the extracellular region
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Figure 2: Coptis chinensis (CC) is effective in decreasing plasma glucose and lipid. (a) Body weight of rats in each group; (b) OGTT of
rats after oral gavage with 2.0 g / kg glucose. Data is expressed as mean ± SE. P <0.01 for each of the N versus M, A versus M, B versus M, and
D versus M group at each time point; (c) plasma insulin concentration in the rat; (d) IRI after treatment; (e) plasma TG concentration; (f)
plasma T-CHO concentration; (g) plasma LDL concentration. N: normal control group; M: diabetic model group; A: supercritical extraction
of Coptis chinensis group; B: simulated gastric juice extraction of Coptis chinensis group; D: metformin treatment group; mean ± SD of data
except OGTT. n=6 rats in each group. ∗∗P <0.01 relative to group N, ##P <0.01 relative to group M.
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Table 1: Differentially expressed protein summary (P value < 0.05).

Compared sample name 1.5-fold change
Upregulated Downregulated

A/M 101 59
B/M 109 71
D/M 93 128
N/M 115 116
A/B 27 16

and cells, respectively, followed by the proteins involving
organelle (20%; Figure 3(c)). Approximately 24% and 22%
of the proteins with decreased expression were linked to
cell and extracellular region, respectively, followed by the
proteins involving organelle (19%; Figure 3(d)). Formolecular
functions, 54% of the upregulated proteins were associated
with binding, followed by the proteins involving catalytic
activity (18%; Figure 3(e)). Approximately 50% of the down-
regulated proteins were associatedwith binding, while 38% of
these proteins were related to catalytic activity (Figure 3(f)).
Subsequently, an enrichment analysis of the GO function
annotation was performed, and “membrane attack complex”,
“endopeptidase inhibitor activity”, and “negative regulation
of peptidase activity” were the most common functions of
“cellular component”, “molecular function”, and “biological
process” of upregulated proteins (Figure 4(a)). For the down-
regulated proteins, “proteasome core complex”, “threonine-
type endopeptidase activity”, and “protein catabolic process”
were the most common functions (Figure 4(b)).

3.3.2. A versusMGroups. Differentially expressed proteins in
the A and M groups were categorized based on the results
of GO enrichment analysis. In terms of biological processes,
14% of upregulated proteins were related to “biological regu-
lation”, while 13%were related to each of the “single-organism
process”, “metabolic process”, and “cellular process” (Fig-
ure 5(a)). Around 15% of the downregulated proteins were
related to each of “cellular process”, “single-organism pro-
cess”, and “metabolic process” (Figure 5(b)). In terms of
cellular components, 31% and 23% of upregulated proteins
were related to the extracellular region and the organelle,
respectively, followed by proteins involving cells (22%; Fig-
ure 5(c)). Approximately 26% and 21% of the downregulated
proteins were linked to extracellular region and organelle,
respectively, followed by proteins involving cells (19%; Fig-
ure 5(d)). For molecular functions, 47% of the upregulated
proteins were associated with binding, followed by proteins
involving catalytic activity (25%; Figure 5(e)). Approximately
51% of downregulated proteins were associated with bind-
ing, followed by 29% of downregulated proteins related to
catalytic activity (Figure 5(f)). Subsequently, the enrichment
analysis of GO function annotation was performed, and
“membrane attack complex”, “endopeptidase inhibitor activ-
ity”, and “negative regulation of peptidase activity” were the
most common functions of “cellular component”, “molecular
function”, and “biological process” of upregulated proteins
(Figure 6(a)). For downregulated proteins, “proteasome

core complex”, “threonine-type endopeptidase activity”, and
“protein catabolic process” were the most common functions
(Figure 6(b)).

3.3.3. B versus MGroups. Differentially expressed proteins in
the B and M groups were categorized based on the results
of GO enrichment analysis. In terms of biological processes,
14%of upregulated proteinswere related to each of “biological
regulation”, “single-organism process”, “metabolic process”,
and “response to stimulus” (Figure 7(a)). Around 15% of
the downregulated proteins were related to each of “cellular
process”, “metabolic process”, and “single-organism process”
(Figure 7(b)). In terms of cellular components, 34% and
23% of upregulated proteins were related to the extracellular
region and the organelle, respectively, followed by proteins
involving cells (20%; Figure 7(c)). Approximately 24% and
22% of downregulated proteins were linked to extracellular
region and cells, respectively, followed by proteins involving
organelle (19%; Figure 7(d)). For molecular functions, 50% of
upregulated proteins were associated with binding, followed
by proteins involving catalytic activity (22%; Figure 7(e)).
Approximately 51% of downregulated proteins were associ-
ated with binding, followed by 36% of downregulated pro-
teins related to catalytic activity (Figure 7(f)). Subsequently,
an enrichment analysis of GO function annotation was per-
formed, and “extracellular space”, “endopeptidase inhibitor
activity”, and “negative regulation of peptidase activity” were
themost common functions of “cellular component”, “molec-
ular function”, and “biological process” of upregulated pro-
teins (Figure 8(a)). For downregulated proteins, “proteasome
core complex”, “threonine-type endopeptidase activity”, and
“proteolysis involved in cellular protein catabolic process”
were the most common functions (Figure 8(b)).

3.3.4. A versus B Groups. Differentially expressed proteins
in the A and M groups were categorized based on the
results of GO enrichment analysis. In terms of biological
processes, 15% of upregulated proteins were related to each
of “metabolic process” and “response to stimulus”. 13%
of upregulated proteins were related to each of “immune
system process”, “single-organism process”, and “cellular
process” (Figure 9(a)). Around 15% of the downregulated
proteins were related to each of “metabolic process” and
“single-organism process”. Around 13% of the downregu-
lated proteins were related to each of “cellular process” and
“biological regulation” (Figure 9(b)). In terms of cellular
components, 31% and 19% of upregulated proteins were
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Figure 3: Normal group versus model group (N versus M) Go analysis information. (a) Biological process: upregulated proteins: the
response to biological regulation (14%) was the major component. (b) Biological process: downregulated proteins: the responses to cellular
processes (15%) and metabolic processes (15%) were the dominant features. (c) Cellular components: upregulated proteins: extracellular
region (32%) formed the main component of the cellular component category. (d) Cellular components: downregulated proteins: cell (24%)
was the major component. (e) Molecular function: upregulated proteins: binding (54%) was the dominant molecular function in the GO
assignments. (f) Molecular function: downregulated proteins: binding represented 50% of the molecular function.

related to the extracellular region and the organelle, respec-
tively, followed by proteins involving cells (19%; Figure 9(c)).
Approximately 28% and 24% of downregulated proteins
were linked to extracellular region and cells, respectively,

followed by proteins involving organelle (17%; Figure 9(d)).
For molecular functions, 59% of upregulated proteins were
associated with binding, followed by proteins involving
catalytic activity (32%; Figure 9(e)). Approximately 58% of
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Figure 4: Enrichment analysis of the GO function annotation of normal versus model group (N versus M). (a) Upregulated proteins:
membrane attack complex, endopeptidase inhibitor activity, and negative regulation of peptidase activity of, respectively, cellular component,
molecular function, and biological process were the most representative functions. (b) Downregulated proteins: proteasome core complex,
threonine-type endopeptidase activity, and protein catabolic process were the most representative functions.

downregulated proteins were associated with binding, fol-
lowed by 37% of downregulated proteins related to catalytic
activity (Figure 9(f)). Subsequently, an enrichment analysis of
GO function annotationwas performed, and “oxidoreductase
activity acting on the CH-CH group of donors”, “organelle
inner membrane”, and “production of molecular mediator
of immune response” were the most common functions of
“cellular component”, “molecular function”, and “biological
process” of upregulated proteins (Figure 10(a)). For downreg-
ulated proteins, “transferase activity” was the most common
function of “molecular function”, while other downregulated
proteins did not produce a valid P value (Figure 10(b)).

3.4. KEGG Pathway Enrichment. In Figure 11, the different
protein-enriched KEGG pathways were identified in each
group. Differentially expressed proteins in the N and M
groups were mapped to multiple pathways in the KEGG
database to investigate their biological functions. “Com-
plement and coagulation cascade” was the most common
pathway enriched by upregulated proteins, followed by
“systemic lupus erythematosus” and “Staphylococcus aureus
infection”. The downregulated proteins were significantly
enriched in the pathways of “proteasome,” “protein pro-
cessing in endoplasmic reticulum”, “biosynthesis of amino
acids”, and “alanine, aspartate and glutamate metabolism”.
Compared with those in A and M groups, the KEGG
pathways enriched by upregulated proteins were similar in
N and M groups, while the downregulated proteins in N

and M groups were significantly enriched in the pathways
of “proteasome,” “gap junction,” “Alzheimer's disease,” and
“ether lipid metabolism.” Furthermore, in the B and M
groups, “complement and coagulation cascade” was the most
common pathway enriched by upregulated proteins, followed
by “systemic lupus erythematosus” and “Prion diseases”,
while the pathways in B and M groups enriched by down-
regulated proteins were similar with those in A and M
groups.

3.5. Protein Domain Enrichment. The protein domains
refer to some components that repeat in different protein
molecules and have similar sequences, structures, and func-
tions. These protein domains are the units of protein evolu-
tion. Upregulated proteins in the N group were associated
with “Serpin domain,” “Serine proteases, trypsin domain,”
and “Peptidase S1, PA clan”, whereas downregulated pro-
teins in the N group were associated with Nucleophile
aminohydrolases, N-terminal, Proteasome alpha-subunit,
and N-terminal domain. Compared with those in A and
M groups, the enriched domains of upregulated proteins
in N and M groups were similar, while the downregulated
proteins were significantly enriched in domains of “Nucle-
ophile aminohydrolases, N-terminal,” “Tubulin/FtsZ, C-
terminal,” “Tubulin/FtsZ, GTPase domain,” “Tubulin/FtsZ,
2-layer sandwich domain,” and “Tubulin, C-terminal.”
Upregulated proteins in the B group were associated with
“Serpin domain,” “Alpha-2-macroglobulin, N-terminal 2,”
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Figure 5: Supercritical extraction of Coptis chinensis treatment group versus model group (A versus M) Go analysis information.
(a) Biological process: upregulated proteins: the response to biological regulation (14%) was the major component. (b) Biological process:
downregulated proteins: the response to cellular processes (15%) was the dominant feature. (c) Cellular components: upregulated proteins:
extracellular region (31%) formed themain component of the cellular component category. (d)Cellular components: downregulated proteins:
extracellular region (26%) was the major component. (e) Molecular function: upregulated proteins: binding (47%) was the dominant
molecular function in the GO assignments. (f) Molecular function: downregulated proteins: binding represented 51% of the molecular
function.
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Figure 6: Enrichment analysis of the GO function annotation of supercritical extraction of Coptis chinensis treatment group versus
model group (A versus M). (a) Upregulated proteins: membrane attack complex, endopeptidase inhibitor activity, and negative regulation
of peptidase activity of, respectively, cellular component, molecular function, and biological process were the most representative functions.
(b) Downregulated proteins: proteasome core complex, threonine-type endopeptidase activity, and protein catabolic process were the most
representative functions.

“Alpha-macroglobulin, receptor-binding,” and “Alpha-2-
macroglobulin”, while the enriched domains of downregu-
lated proteins in the B group were similar to those in A and
M groups (Figure 12(d)).

3.6. Cluster Analysis Based on Functional Enrichment. The
differentially expressed proteins in different groups were
classified based on GO annotation, KEGG pathway enrich-
ment, and cluster analysis to determine the correlation in the
functions of differentially expressed proteins among different
groups (Figure 12).

4. Discussion

CC can effectively regulate blood lipid metabolism, improve
glucose tolerance, reduce insulin resistance, improve insulin
sensitivity, reduce serum inflammatory cytokines, and alle-
viate lipid peroxidation [7, 17]. In Table 2, the therapeutic
targets for CC in the plasma of diabetic individuals, including
insulin-like growth factor 1 (IGF-1), insulin-like growth factor
binding protein 4 (IGFBP-4), insulin-like growth factor bind-
ing protein 6 (IGFBP-6), insulin-like growth factor binding
protein, acid labile subunit (IGFALS), complement compo-
nent 2 (C2), complement component (C4), complement fac-
tor I (Cfi), Apolipoprotein C-III (ApoC-III), Apolipoprotein

C-I (ApoC-I), Apolipoprotein E (ApoE), Apolipoprotein B-
100 (ApoB-100), Peroxiredoxin-2 (PRDX-2), Peroxiredoxin-
3 (PRDX-3), prenylcysteine oxidase, and Group VII Phos-
pholipase A2, were identified and validated by proteomic
techniques. However, in different CC preparations, there
was not much difference in terms of therapeutic targets and
efficacy, and the advantages and disadvantages of different
CC preparations were not demonstrated in this experiment.
To identify therapeutically relevant drug targets of CC in
individuals with diabetes, differentially expressed plasma
proteins were divided into four regions according to their
functions: glucose tolerance and insulin sensitivity, immunity
and inflammation, lipoprotein metabolism and transport,
and oxidation and antioxidation.

4.1. Effects of CC on Glucose Tolerance and Insulin Sensitivity.
IGF-1 is an endocrine, paracrine, and autocrine hormone of
a 70-amino acid polypeptide that shares structural homology
(> 60%)with IGF-2 and proinsulin [18]. IGF-1 plays a number
of physiological roles in tissue growth and development, pro-
liferation, lipid metabolism, survival promotion, antiaging,
anti-inflammation, anabolic and antioxidant properties, and
neurological and hepatic protection [19–24]. IGF-1 exerts a
protective effect on mitochondria by protecting it against
oxidative damage, increasing ATP synthesis and reducing
the production of free radicals in the mitochondria [19–21].



12 Evidence-Based Complementary and Alternative Medicine

regulation, 14%
response to

stimulus, 12%

single-organism 
process, 12%

metabolic process,
12%

cellular 
process,

11%

multicellular organismal 
process, 8%

developmental process, 7%

immune system process,
6%

localization, 5%

signaling, 3%

reproduction, 3%

multi-organism process,
2%

cellular component 
organization or 

other, 3%
biological 

biogenesis, 2%

(a)

cellular process,

15%

metabolic process,
14%

single-organism 
process, 12%

biological 

regulation, 11%

response to 

stimulus,
10%

immune

system 
process,

8%

localization, 8%

cellular component 
organization or biogenesis,

7%

multicellular organismal 
process, 5%

developmental process, 3%

signaling, 3%

multi-organism process,
2%

other, 2%

(b)

extracellular region, 34%

organelle, 23%

cell, 20%

membrane, 10%

macromolecular 
complex, 9%

other, 4%

(c)

extracellular region, 24%

cell, 22%

organelle, 19%
macromolecular 

complex, 19%

membrane, 10%

supramolecular complex,
3%

membrane-enclosed lumen,
2%

other, 1%

(d)

binding, 50%

catalytic activity, 22%

molecular function 
regulator, 17%

antioxidant activity, 3%

transporter activity, 3%

signal transducer activity,
2%

molecular transducer 
activity, 2%

other, 1%

(e)

binding, 51%

catalytic activity, 36%

molecular function 
regulator, 4%

structural molecule 
activity, 4%

transporter activity, 4%

other, 1%

(f)

Figure 7: Artificial gastric juice extraction of Coptis chinensis treatment group versus model group (B versus M) Go analysis
information. (a)Biological process: upregulated proteins: the response to biological regulation (14%)was themajor component. (b)Biological
process: downregulated proteins: the response to cellular processes (15%) was the dominant feature. (c) Cellular components: upregulated
proteins: extracellular region (34%) formed themain component of the cellular component category. (d)Cellular components: downregulated
proteins: extracellular region (24%)was themajor component. (e)Molecular function: upregulated proteins: binding (50%)was the dominant
molecular function in the GO assignments. (f) Molecular function: downregulated proteins: binding represented 51% of the molecular
function.
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Figure 8: Enrichment analysis of the GO function annotation of artificial gastric juice extraction of Coptis chinensis treatment group
versus model group (B versus M). (a) Upregulated proteins: extracellular space, endopeptidase inhibitor activity, and negative regulation
of peptidase activity of, respectively, cellular component, molecular function, and biological process were the most representative functions.
(b) Downregulated proteins: proteasome core complex, threonine-type endopeptidase activity, and proteolysis involved in cellular protein
catabolic process were the most representative functions.

IGF-1 can also promote glucose uptake in some peripheral
tissues [25–30]. In addition, exogenous IGF-1 has been shown
to lower serum glucose levels [31–33] not only in healthy
individuals[34], but also in those with insulin resistance [35–
37]. Low circulating levels of IGF-1 have also been associated
with reduced insulin sensitivity [38], impaired glucose tol-
erance, and T2DM[38–40]. The experimental results of this
study suggested that the level of IGF-1 in the A and B groups
was higher than that in the M group.

In addition, IGF signaling is regulated by six binding pro-
teins, IGFBP1-6. IGF-binding proteins can locally enhance or
inhibit the effects of IGF [41]. IGFBP-4 is highly expressed in
osteoblasts, while past in vivo studies indicated that IGFBP-
4 can potentiate the effects of IGF-1 and IGF-2 [42]. The
main function of IGFBP-6 is to inhibit the effects of IGF-II,
although IGFBP-6 has no effect on IGF-I [43]. At present, the
function of IGFBP-6 is not yet clear, but it may be involved in
the pathogenesis of metabolic diseases.

IGFALS encodes a protein acid labile subunit (ALS),
which forms a ternary complex with IGF-1, IGFBP-3, and
IGFBP-5.The primary role of ALS is to extend the half-life of
IGF1 by protecting the ternary complex against degradation
[44, 45]. In addition, it was reported that mutations in the
IGFALS gene lead to a syndrome of primary IGF-I deficiency
[46]. Biallelic mutations in IGFALS may also be associated
with insulin resistance [45, 47]. In this study, the expression

of IGFBP-4, 6, and IGFALS was significantly increased in the
A and B groups. Based on these findings, it is likely that CC
can improve glucose tolerance and increase insulin sensitivity
by upregulating the expression of IGF-1 and related insulin-
like growth factor binding proteins in vivo.

4.2. Effects of CC on Immunity and Inflammation. The
complement system is a crucial element of the immune
defense system. A complex enzyme cascade containing more
than 50 circulating and membrane-bound proteins plays
an important role in the activation of natural and adaptive
immune responses [48, 49]. The complement system is also
involved in the process of tissue development, degeneration,
and regeneration and plays an important metabolic and
inflammatory role in adipose tissues [50]. The clinical status
of T2DM is associated with chronic and mild inflammation,
such as an increase in serum levels of inflammatory cytokines
[51]. In previous proteomics studies, complement-related
proteinswere upregulated in T2DM[52]. In addition, in some
cohort studies, it was found that the levels of complement-
related proteins correlate with insulin resistance and elevated
blood glucose and hence are considered as risk factors for the
development of T2DM [53, 54].

However, in this study, conflicting results were found.
In the diabetic model, the complement proteins C2, C4,
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Figure 9: Supercritical extraction of Coptis chinensis treatment group versus artificial gastric juice extraction of Coptis chinensis
treatment group (A versus B) Go analysis information. (a) Biological process: upregulated proteins: the response to metabolic process
(15%) and response to stimulus (15%) were the major component. (b) Biological process: downregulated proteins: the responses to metabolic
process (15%) and single-organism process (15%) were the dominant features. (c) Cellular components: upregulated proteins: extracellular
region (31%) formed themain component of the cellular component category. (d)Cellular components: downregulated proteins: extracellular
region (28%) was the major component. (e) Molecular function: upregulated proteins: binding (59%) was the dominant molecular function
in the GO assignments. (f) Molecular function: downregulated proteins: binding represented 58% of the molecular function.

and Cfi were downregulated. However, after drug inter-
vention (including metformin), these complement proteins
were upregulated. In diabetes, the abnormal production or
regulation of hundreds of immunemediators leads to changes
in metabolic status. Given such complexity, different or even

conflicting results are commonly observed [55]. It is believed
that the upregulation of complement-associated proteins
is most likely reactive. For example, CC may upregulate
these proteins to enhance phagocytosis and hypersensitivity
without causing direct cell-injury, suggesting that the tissues
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Figure 10: Enrichment analysis of the GO function annotation
of supercritical extraction of Coptis chinensis treatment group
versus artificial gastric juice extraction of Coptis chinensis treat-
ment group (A versus B). (a) Upregulated proteins: oxidoreductase
activity, acting on the CH-CH group of donors, organelle inner
membrane, and production of molecular mediator of immune
response of, respectively, cellular component, molecular function,
and biological process were the most representative functions in
the upregulated proteins. (b) Downregulated proteins: transferase
activity was the most representative function in molecular function,
and others could not get a valid P value.

of the complement system can block the possible role of
apoptotic debris and inflammation in tissues [56].

4.3. Effects of CC on Lipid Metabolism and Transport. The
proteins in plasma lipoproteins are called apolipoproteins
and their basic function is to carry lipids and stabilize the
structure of lipoproteins. It was found in the present study
that the level of apolipoproteins correlates with the level of
insulin resistance.Haplotypes in theApoC-III gene have been
shown to lead to elevated ApoC-III levels and an increased
susceptibility to type 1 diabetes [57]. ApoC-III genemutations
and ApoC-III levels are also associated with the development
of nonalcoholic fatty liver, hepatic insulin resistance, and
T2DM [58, 59]. In addition, it has also been reported that
ApoC-III, which is produced locally under insulin resistance,
is an important agent causing islet 𝛽-cell dysfunction in
diabetes. Reduced ApoC-III in vivo by antisense treatment

can improve glucose tolerance [60], and ApoC-I exerts a
similar effect as ApoC-III. Prospective studies have shown
that ApoC-I levels are higher in polycystic ovarian syndrome
(PCOS) patients with insulin resistance [61]. It was also found
that severe systemic and hepatic insulin resistance can occur
in mice overexpressing ApoC-I [62].

Overproduction of VLDL particles containing hepatic
Apo-B-100 has been well documented in animal models and
in those with insulin resistance (such as Metabolic Syndrome
and T2DM), which can result in the typical dyslipidemia in
these disorders [63]. As for ApoE, previous findings suggest
that mice carrying the ApoE-3-genotype are more prone to
develop impaired glucose tolerance leading to obesity and
metabolic complications [64]. In an aging brain, the increas-
ing level of ApoE-4 can further aggravate the inhibitory effect
of ApoE-4 on insulin signaling and act as an important
pathogenic mechanism underlying insulin resistance [65].
This study showed that the treatment of CC downregulated
the expression of above proteins. From these results, it is
confirmed that C can reduce the level of lipoproteins, thus
improving insulin resistance and glucose tolerance.

4.4. Effects of CC on Oxidation and Antioxidation. Oxida-
tive stress is an important pathophysiological mechanism
underlying the development and complications of T2DM
[66]. A peroxidase system is present in somatic cells and
plays a key role in counteracting oxidative stress. PRDX-
2 is an antioxidant protein found to be downregulated in
patients with T2DM and PCOS. The expression of PRDX-2
indicates the levels of oxidative stress and toxicity in T2DM
[67]. Previous data also indicated that PRDX-2 is required for
normal insulin secretion [68]. Like PRDX-2, PRDX-3 is also
an antioxidant protein. A systemic knockdown of PRDX-3
in mice leads to oxidative stress, increased accumulation of
white adipose tissues, dysregulated adiposity, and systemic
insulin resistance [69]. In contrast, overexpression of PRDX-
3 can reduce the levels of oxidative stress and alleviate insulin
resistance, highlighting that oxidative stress plays a key role in
maintaining insulin sensitivity [70–74]. In addition, PRDX-
3 transcription is downregulated in adipose tissues in obese
and insulin-resistant humans, while some studies have shown
that diabetics are associated with increased levels of oxidative
stressmarkers such as lipid peroxidation. In addition, PRDX3
can resist oxidative stress [71–77]. The experiment of this
study confirmed that CC treatment could increase the expres-
sion of PRDX-2 and PRDX-3. It also indicates that CC is likely
to improve the oxidation response in diabetes by upregulating
the expression of proteins in the peroxidase family.

Prenylcysteine oxidase is detectable both in embryonic
tissues and in various adult organs, particularly in the liver.
The gene sequence Pcyox1 has also been described as a
marker of toxicity in the liver [78]. In addition, Group VII
Phospholipase A2 has been described as a novel risk factor
for cardiovascular disease [79, 80]. Some reports also showed
significant increases in Pla2g7 mRNA expression in the liver
ofmetabolic syndrome rats [81, 82]. In this study, it was found
that prenylcysteine oxidase and Group VII Phospholipase A2
were significantly downregulated after CC treatment. It was
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Figure 11:KEGG Pathway enrichment. (a)NversusM: KEGGpathway enrichment of upregulated proteins; (b)NversusM: KEGGpathway
enrichment of downregulated proteins; (c) A versus M: KEGG pathway enrichment of increased proteins; (d) A versus M: KEGG pathway
enrichment of decreased proteins; (e) B versus M: KEGG pathway enrichment of upregulated proteins; (f) B versus M: KEGG pathway
enrichment of downregulated proteins.

Table 3: Significant differential expressions of proteins in two different extracted CC treatments.

Protein
accessiona Protein descriptionb Gene name MW

[kDa]
A/M

Ratioc
B/M

Ratioc
D/M

Ratioc
N/M

Ratioc
A/B

Ratioc

P21744 Insulin-like growth factor-binding
protein 4 Igfbp4 27.745 1.730 2.609 2.527 2.239 0.663

A0A0G2JSP8 Creatine kinase M-type Ckm 43.018 2.655 4.055 2.938 9.693 0.655

P02600 Myosin light chain 1/3, skeletal
muscle isoform Myl1 20.679 1.663 2.610 4.669 2.347 0.637

F1M171 Protein RGD1311933 RGD1311933 38.482 0.451 0.282 0.268 0.254 1.597
aDatabase accession numbers; bname and categories of the proteins identified; cratios of treatments/models.

suggested that CC can improve insulin resistance and treat
diabetes by reducing the expression of oxidative factors and
increasing the level of antioxidants in the body.

4.5. Differences between A and B Groups. No significant
difference was found in the twoCC treatments in terms of the
status of glycemic and lipid disorders. In proteomic analysis,
although it was found that 27 proteins were upregulated
and 16 proteins were downregulated in group A compared
with those in group B, they showed no significant impact
on the treatment of T2DM. Therefore, 43 proteins that
did not differ between N and M groups were excluded.
In addition, the proteins with less than 1.5-fold difference
between A versus M and B versus M groups and the proteins
with nonmeaningful P values were also eliminated. As a

result, only four differentially expressed proteins were found
between A and B groups, as shown in Table 3.

Based on the above discussion, IGFBP-4 can enhance
the role of IGF-1 and IGF-2 [42], while both types of
extracted CC can upregulate IGFBP-4. However, it is worth
noting that IGF-1 did not show significant differences in
the two CC treatments. Similarly, IGFBP-6 and IGFALS also
showed no significant differences in the two CC treatments.
Therefore, although the drug in group B can increase the
level of IGFBP4, it does not show much difference in the
improvement of glucose tolerance and insulin resistance as
compared with the drug in group A.

Creatine kinase M-type is a creatine kinase isoenzyme
found in muscles. Little information is available regarding
the relation of this enzyme to diabetes, but a study using
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Figure 12: Continued.
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Figure 12: Heat map obtained from GO and cluster based on feature enrichment. (a) Biological process analysis; (b) cell component
analysis; (c) molecular function analysis; (d) protein domain analysis; (e) KEGG pathway analysis. All corrected P values <0.05 passed two-
tailed Fisher exact test.

nontargeted proteomics revealed that the expression of crea-
tine kinase M-type in skeletal muscles of women with hyper-
androgenism was downregulated, suggesting that the down-
regulation of this protein may cause insulin resistance [83].
Myosin light chain 1/3 (MLC 1/3) is a member of myosin light
chains. A study has shown that muscle fiber components are
related to insulin resistance, while exercises can increase the
amount ofmyosin fibers, thereby reducing the risk of diabetes
[84]. One study showed that, as compared with the control
group, MLC in heart homogenates of diabetic rats was signif-
icantly reduced (40% to 45%), andMLCphosphorylationwas
also significantly reduced (30% to 45%).These results indicate
that the decrease of protein content inMLC and the phospho-
rylation ofMLCmay lead to diabetic cardiomyopathy [85]. In
this study, it was found that both CC A and B can effectively
upregulate the expression of creatine kinaseM-type andMLC
1/3, which can reduce the risk of diabetes.

As for Protein RGD1311933, it was found in this study
that Protein RGD1311933 was upregulated in the M group
compared with that in the N group, and the levels of
Protein RGD1311933 were reversed after treatment with both
types of CC. In addition, B drug decreased the level of
Protein RGD1311933 to a greater extent. Although Protein
RGD1311933 has yet to have functional annotations in the
database, its relationship with diabetes shall be further stud-
ied.

In summary, although B drug showed a better efficacy in
regulating the levels of above four proteins, the evidence is
relatively weak. Therefore, it is very difficult to infer that B
drug is more effective than A drug.

5. Conclusions

In this experiment, 15 differentially expressed proteins were
identified as being related to the efficacy of CC.The functions

of these proteins were related to improved glucose, insulin
sensitivity, immunity, lipid metabolism, lipid transport, and
antioxidant activity. Two differentially extracted CC treat-
ments did not show significant differences in their treatment
efficacy. In summary, this study deepens our understanding
about the role of CC in the treatment of diabetes.
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González-Barón, and I. C. Cortazar, “Low doses of insulin-like
growth factor-I induce mitochondrial protection in aging rats,”
Endocrinology, vol. 149, no. 5, pp. 2620–2627, 2008.
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Diabetes is one the world’s most widespread diseases, affecting over 327 million people and causing about 300,000 deaths annually.
Despite great advances in prevention and therapy, existing treatments for this disorder have serious side effects. Plants used in
traditional medicine represent a valuable source in the search for new medicinal compounds. Hamelia patens Jacq. has been used
for treating diabetes and, so far, no reports have been made on the in vivo antihyperglycemic activity of this plant. The present
study on H. patens aimed to test the antihyperglycemic effect of repeated administrations of the crude and fractional methanolic
extracts (CME and FME, respectively) on rats with hyperglycemia induced by streptozotocin. After 10 administrations (20 days),
each extract had lowered blood glucose to a normal level.The extracts produced effects similar tometformin.Of the five compounds
identified by chromatographic analysis of the extracts, epicatechin and chlorogenic acid demonstrated antihyperglycemic effect.The
antioxidant activity of the extracts was evidenced by their IC50 values (51.7 and 50.7𝜇g/mL, respectively). The LD50 ≥2000mg/Kg
suggests low toxicity for both CME and FME. Thus, considering that the antihyperglycemic and antioxidant effects of metformin
and extracts from H. patens were comparable, the latter may be efficacious for treating diabetes.

1. Introduction

Diabetes mellitus (DM), characterized by hyperglycemia and
related to metabolic disorder [1–3], is a worldwide health
problem and still on the increase. According to the Inter-
national Diabetes Federation (IDF), 327 million people cur-
rently suffer fromDM, a figure estimated to reach 438million
by 2045. Diabetes type 2 (DM2) is the most common form
of this disorder, representing 90% of the total affected popula-
tion [4, 5].

Today therapeutic alternatives include various drugs ad-
ministered orally, such as sulfonylureas (metformin), bigua-
nides (glybenclamide), troglitazones (pioglitazone), and in-
hibitors of DPP-4 (gliptins), SGLT2 (gliflozin), and 𝛼-gluco-
sidase (acarbose) [6]. However, the secondary effects of these
treatments (e.g., gastrointestinal disorders and hepatotoxic-
ity) [7], have led diabetic patients to seek natural alternatives
[8]. At least 1,200 species of medicinal plants are used in
traditional medicine for their antidiabetic attributes. A small
proportion (450 plants) of such plants have been studied to
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explore their effect and of these; only 109 have had their
action mechanism analyzed [9–11]. It has been reported that
inMexico more than 383 plant species are employed for DM2
treatment [12].

Hamelia patens Jacq. (Rubiaceae, commonly known as
“bayetilla, coralillo, firebush, or scarlet bush”) is a subtropical
and tropical shrub, native to the Americas (widespread
from Florida to Argentina). Endemic to Mexico, it is used
in traditional medicine for headaches, diarrhea, stomach
ache, wound healing and diabetes, among other applications.
Biological studies have demonstrated radical scavenging [13,
14] as well as anti-inflammatory [15], antibacterial [16], and
cytotoxic [17] activity by H. patens. In an oral glucose toler-
ance test, this plant demonstrated inhibition of 𝛼-glucosidase
[18] and a hypoglycemic effect [19]. Phytochemical analysis of
the plant has established the presence of isopteropodin, rum-
berin, palmirin, maruquin, 24-methylenecicloartan-3ß-ol,
24-methylcicloart-24-en-3ß-ol, 2E-3,7,11,15,19-pentamethyl-
2-eicosaen-1-ol, stigmasterol, ß-sitosterol, ursolic acid, aricin,
(+)-catechin, (-)-epicatechin, and(-)-hammelin [20–22].How-
ever, some of these compounds have not been shown to have
biological effects.

The aim of the present study was to evaluate the antihy-
perglycemic effect of methanolic extracts of H. patens Jacq.,
by assessing repeated administrations to a hyperglycemia
murine model, induced by streptozotocin (STZ).The extracts
were subjected to quantitative phytochemical and chromato-
graphic analysis, as well as examination of their antioxidant
activity.

2. Materials and Methods

2.1. Reagents. All reagents were purchased and used without
further purification. The Folin-Ciocalteu phenol reagent
(F9252), (±)-catechinhydrate (C1788), (-)-epicatechin (E1753),
2,2-diphenyl-1-picrylhydrazyl (D9132), 𝛼-glucosidase (from
Saccharomyces cerevisiae) type I (G5003), 4-nitrophenyl 𝛼-
D-glucopyranoside (N1377), quercetin (Q4951), and tannic
acid (403040)were acquired fromSigma-Aldrich. Aluminum
chloride was obtained from Honeywell Fluka and gallic acid
from Fermont.

2.2. Plant Material. H. patens leaves were collected in the
municipality of Xicotepec de Juarez, in the State of Puebla,
Mexico. The aerial parts were dried in the shade at room
temperature and ground to a fine powder for extraction.

2.3. Extract Preparation. One kg of plant material (leaves)
was subjected to a fractional extraction, using solvents of
increasing polarity (hexane, dichloromethane, and methanol).
Extraction from another kg of plant material was made
separately, usingmethanol. In each case, the solvent was evap-
orated under reduced pressure to dryness, and subsequently
extracts were lyophilized and stored at 4∘C until use. We
worked with methanolic extracts; specifically, the fractional
methanol extract (FME) and the crude methanol extract
(CME).

2.4. Total Phenolic Content. Total content of phenols was
measured using the Folin-Ciocalteu method [23], with cer-
tain modifications. The reaction mixture was prepared with
0.2mLof extract (5 mg/mL), 2mLof solutionA (2%Na2CO3,
1% CuSO4 and 2.7% potassium sodium tartrate), and 0.4mL
of NaOH (5 N). Subsequently, 0.2mL of the Folin-Ciocalteu
solution (1:1, v/v) was added and the mixture was allowed
to stand for 30 minutes at room temperature. Absorbance
wasmeasured at 750 nm.The standard curve was constructed
based on various concentrations of gallic acid.The content of
total phenols was expressed as milligram equivalents of gallic
acid per gram of dried extract (mg EGA/g dried extract).

2.5. Total Flavonoid Content. Total flavonoid content was
evaluated using an aluminum chloride method with slight
modifications [23]. In brief, the reaction mixture consisted
of 0.1mL of extract, 0.30mL of absolute ethanol, 0.02mL
AlCl3 (10%), 0.02mL CH3COOK, and 0.56mL of distilled
water. This was left to stand for 30min at room temperature
and the reading was taken at 415 nm. Flavonoid content
was determined from a calibration curve of quercetin and
expressed as mg equivalents of quercetin per gram of dried
extract (mg EQ/g dried extract).

2.6. Condensed Tannins Content. Tannins content was deter-
mined using the vanillin/HCl method [24]. 2mL of extract
was placed in a tube and heated in a water bath at 30∘C for
20min, 0.4mL were removed from this sample, and then
2mL of vanillin solution (1% in methanol) were added. The
tube was placed in a water bath once again at 30∘C for 20min.
Finally, the reading was made at 550nm and tannins content
was expressed asmg of catechin per gramof dried extract (mg
ECat/g dried extract) from a standard curve for catechin.

2.7. Antioxidant Activity (DPPH Assay). Antioxidant activity
was measured by employing the DPPH method described
by Cevallos [25], with a number of modifications. Con-
centrations of 4, 0.4 and 0.04mg/mL from each of the
extracts were prepared, to which a solution of 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH) (133.33 𝜇M) was added, at
a ratio of 1:3 (v:v). The mixture was incubated at 37∘C for
30 minutes and read at 517 nm. Antioxidant activity was
expressed as mean effective concentration (EC50).

2.8. In Vitro 𝛼-Glucosidase Inhibitory Activity. Theevaluation
of 𝛼-glucosidase inhibition was determined using Salehi’s
method [26], with slight modifications. The mixture con-
taining 480 𝜇L of phosphate buffer (0.1M, pH 6.9), 40𝜇L of
extract (4mg/mL), and 80 𝜇L of 𝛼-glucosidase (0.5 U/mL)
was incubated at 37∘C for 15min in 96-well plates. The
reaction was initiated by placing 80 𝜇L p-nitrophenyl 𝛼-
D-glucopyranoside solution (p-NPG, 5mM) in phosphate
buffer (0.1M, pH 6.9). After 15min of incubation at 37∘C, the
reactionwas terminated by adding 320 𝜇L ofNa2CO3 (0.2M).
𝛼-Glucosidase inhibition was determined by measuring the
yellow-colored p-nitrophenolate ion released from p-NPG
at 405 nm with a spectrophotometer. The inhibition of 𝛼-
glucosidase by the extracts was expressed as the IC50 and
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compared to the value found for chlorogenic acid, quercetin,
and epicatechin.

2.9. Qualitative High-Performance Liquid Chromatography
(HPLC) Analysis. Analytical HPLC was carried out using
an Agilent 1100 series apparatus equipped with a diode
array detector (DAD) (Agilent Technologies), using a XBD-
C18 analytical column 4.6 × 150mm, 3.5𝜇m particle size
(Agilent Technologies), and a column temperature of 60∘C.
Elution was performed at a flow rate of 1mL/min with
0.2% formic acid (solvent A) and acetonitrile (solvent B)
for the mobile phase. The samples were eluted by applying
the following gradient: 100% A as the initial condition for
3min, 90% A and 10% B for 3min, 85% A and 15% B for
3min, 80% A and 20% B for 3min, 70% A and 30% B for
3min, 60% A and 40% B for 3min, and finally 50% A and
50% B for 15min. At 253, 290, and 349 nm, compounds
were detected and identified by comparing them to known
standards (caffeic acid, chlorogenic acid, trans-cinnamic acid,
trans-ferulic acid, syringic acid, caffeine, (±)-catechin, (-)-
epicatechin, kaempferol, naringenin, quercetin, and rutin),
based on retention times and UV spectra.

2.10. Experimental Animals. Male (27±2 g) and female
(20±2 g) ICR mice and male Wistar rats (180±30 g) were
obtained from the Facultad de Estudios Superiores Acatlan,
Universidad Nacional Autónoma de Mexico. The mice were
housed under standard conditions and given a standard pellet
feed and water ad libitum. All experiments with animals were
authorized by the Ethics Committee of the Escuela Nacional
de Medicina y Homeopat́ıa of the Instituto Politécnico
Nacional and complied with national and international prin-
ciples for the care and use of lab animals.

2.11. Acute Oral Toxicity Testing. Toxicity assessment adhered
to OECD (Organization of Economic Co-operation and
Development) guidelines for testing chemicals (Acute Oral
Toxicity–Acute Toxic Class Method, section 423). Three
female and three male ICRmice (20-30 g) were given a single
oral administration of 300mg/kg of the plant extracts, after
overnight fasting [27].The control group received only water.
Mice were observed for symptoms and weight variation at
postadministration intervals of 1, 3, and 4 h and then twice
per day for the subsequent 14 days. Animals were kept at
23±2∘C and 50% humidity under a 12:12 h light/darkness
cycle. They were provided with standard feed and water ad
libitum, throughout the study. Results made it possible to
classify the substance according to the Globally Harmonized
System (GHS).

2.12. Streptozotocin-Induced Diabetic Rats. This parameter
was explored among 110 male Wistar rats. They were kept
at a temperature of 23±3∘C and on a 12:12 h light/darkness
cycle, with free access to food and water. For the induction of
hyperglycemia, all groups of rats (except the healthy control)
were administered a single dose of 50mg/kg of streptozotocin
(STZ) intraperitoneally. After three days of administration,
the glucose level was measured on reactive strips and animals

showing a blood glucose level of ≥ 200mg/dL were selected
for the test groups.

2.13. Antihyperglycemic Activity of H. patens Extracts. Extract
concentrations necessary to induce the desired pharmacolog-
ical responses were taken from previous studies. Rats were
divided into eleven groups each consisting of ten animals.
Group I: healthy control (water sterile), group II: diabetic
control (STZ), group III: vehicle (300𝜇L propylene glycol,
PPG), group IV: metformin (100mg/kg), group V: acarbose
(10mg/kg), groups VI-VIII: FME extracts at doses of 35, 75,
and 150mg/kg, groups IX-XI: CME extracts at doses of 35,
75, and 150mg/kg were all administered intragastrically every
third day, monitoring the peripheral glucose 48 h postad-
ministration. After the 15th administration, animals were
euthanized and a blood sample was obtained for biochemical
analysis [28].

2.14. Biochemical Determinations. Serum samples were col-
lected in order to measure glucose concentration (SG),
insulin (SIN), total cholesterol (TC), low-density lipoproteins
(LDL), high-density lipoproteins (HDL), triglycerides (Tg),
creatinine (SCr), urea (SUr), blood urea nitrogen (BUN), ala-
nine aminotransferase (AlT), and aspartate aminotransferase
(AsT). Detection was carried out, following the manufac-
turer’s protocol for each diagnostic kit.

2.15. Statistical Analysis. Data are expressed as the mean ±
standard error. Statistical differenceswere evaluated using the
Tukey test with the SAS version 9 program. For the evaluation
of antihyperglycemic activity and biochemical parameters,
the comparison ofmultiple variancewas analyzed by applying
the Holm-Bonferroni method, utilizing GraphPad Prism
software (version 5.0). In all cases, statistical significance was
considered at p<0.05.

3. Results and Discussion

CME yield was 8.9% and 5.4% for FME. Chemical com-
positions of CME and FME are presented in Table 1. As
apparent, CME and FME ofH. patens are an excellent source
of tannins, flavonoids, and phenols. Significant differences
between CME and FME were apparent in the total content
of phenols and flavonoids. The latter extract displayed the
highest content of these metabolites. We relate this to the
way extracts were obtained. These results concur with those
reported by Flores-Sanchez in 2017 [29].

Pathogenesis of DM has been shown to relate to the
generation of free radicals especially reactive oxygen species
(ROS), glucose oxidation, increased lipid peroxidation, and
greater insulin resistance. Recent studies have shown that
phenolic compounds are well known for their great capacity
for radical scavenging, especially flavonoids which may be
effective in the management and prevention of diabetes
mellitus, due to interference in the absorption, digestion, and
metabolism of carbohydrates [30, 31]. When evaluating the
antioxidant activity of both extracts (Table 2), no significant
differences were observed between CME and FME in terms
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Table 1: Metabolic content of the methanolic extracts of H. patens.

Metabolite FME CME
Condensed tannins (mg ECat/g of dried extract) 291.30 ± 0.00a 313.20 ± 0.00a

Total phenols (mg EGA/g of dried extract) 335.26 ± 0.20b 322.40 ± 0.20c

Flavonoids (mg EQ/g of dried extract) 399.94 ± 0.02d 308.32 ± 0.02e

Data are expressed as the mean ± SD. ECat: equivalents of catechin; EGA: equivalents of gallic acid; EQ: equivalents of quercetin. Themean values labeled with
uppercase letters differ significantly compared to the control.

Table 2: DPPH radical scavenging activity and 𝛼-glucosidase inhibition by methanolic extracts ofH. patens.

Extract DPPH EC50 (𝜇g/mL) 𝛼-glucosidase inhibition (IC50 𝜇g/mL)
FME 51.7 ± 1.1 67.8 ± 3.09
CME 50.7 ± 1.3 78.3 ± 1.88
BHT 201.0 ± 0.7 -
Acarbose - 4996.7 ± 1.22
Epicatechin - 282.6 ± 2.28
Ursolic acid - 116.8 ± 1.15
Quercetin - 2.7 ± 1.05
Chlorogenic acid - 6167.1 ± 1.16
Data are expressed as the mean ± SD.

of their EC50 values (50.7 and 51.7𝜇g/mL, respectively). How-
ever, both extracts presented a better EC50 value than BHT,
which is a synthetic phenolic antioxidant currently used in
food, despite the evidence that it causes enzymatic or lipid
alterations, as well as carcinogenic effects and mutagenic
activity [32, 33].
𝛼-Glucosidase inhibitors are targeted to delay carbohy-

drate absorption and reduce postprandial glucose. Several
phenolic compounds containing a flavonoid nucleus in their
structure are reportedly useful for the control of diabetes by
improving glucose and lipid levels [30]. Moreover, studies
have demonstrated that quercetin, epicatechin, kaempferol,
and naringenin effectively inhibit the 𝛼-glucosidase enzyme
[31, 34]. Consequently, the 𝛼-glucosidase inhibition assay was
the first stage in the identification of antidiabetic agents.
High 𝛼-glucosidase inhibitory activity was found in both
extracts (FME IC50 = 67.8 and CME IC50 = 78.3𝜇g/mL;
Table 2). Thus, the extracts are more active than acar-
bose (IC50= 4996.6 𝜇g/mL). Contrastingly, our low polarity
extracts showed inhibitory activity of less than 10% at a
concentration of 4000𝜇g/mL. However, in 2016 Jiménez [18]
established that hexanic and methanol-ethyl acetate extracts
of H. patens manifest better 𝛼-glucosidase inhibitory effect
with IC50 = 26.07𝜇g/ml and 30.18𝜇g/ml, respectively, than
dichloromethane-ethyl acetate and methanol-water extracts
which did not exhibit activity. Their results coincide with
those reported by other authors, who have demonstrated that
high polarity extracts are more active than acarbose [35–37].

The compounds in the extracts which produce antag-
onistic activity are polar in nature and a chromatographic
HPLC analysis was performed to determine their compo-
sition and identify the possible active principles. By using
different standards (Figure 1), the resulting retention times
(Table 3) reveal that chlorogenic acid is the main component
in both extracts, constituting 13.5% of CME and 19.5% of

FME. Catechin and epicatechin were also detected in the
extracts, concurring with Wong’s description of H. patens
in 2017 [38]. Looking for a possible explanation for this
behaviour, we decided to evaluate the inhibitory activity for
the compounds epicatechin, chlorogenic acid, and quercetin,
previously identified in the extracts.Thefirst two showed IC50
values that were higher than those obtained from FME and
CME, with IC50 = 282.6 𝜇g/mL for epicatechin and IC50 ≥
3000𝜇g/mL for chlorogenic acid. Notably, our results for
chlorogenic acid differ from those previously reported (IC50
= 24, 461, 1000 and >2000𝜇g/mL) [39–42]. Although chloro-
genic acid is the main component, the antagonistic activity
against the enzyme is low, which does not correlate with the
activity that both extracts manifested. Quercetin, previously
isolated fromH. patens, presented a similar inhibitory activity
(IC50 = 2.7𝜇g/mL) to the one described by Indrianingsih
in 2015 (IC50 = 4.2𝜇g/mL) [2]. A peak at 14.025 minutes
was displayed in the spectrum for CME (10.7%) and at
14.075 minutes for FME (4.5%). Likewise, the peak with a
retention time of 19.21 indicated a higher concentration for
CME (5.9%) than for FME (0.9%). As these two components
of low polarity may partly explain the perceived difference
in activity, further research is necessary to isolate them for
further structural characterization and biological evaluation.
Using column chromatography, a light brown amorphous
solid with a melting point of 236-238∘C was isolated from
CME. Nuclear magnetic resonance (NMR) analysis made it
possible to identify a 3-flavonol skeleton, and the 1H and 13C
NMR spectra and two-dimensional spectra established the
structure as (-)-epicatechin, concurring with a recent report
for H. patens [43].The chemical shifts for this compound in
the 1H and 13C NMR are presented in Table 4.

The second stage of the current study intended to explore
the antihyperglycemic effect of the extracts in an in vivo
murinemodel.The extractswere administered 15 times to rats
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Figure 1: HPLC chromatogram of fractional (FME) and crude (CME) methanolic extracts of H. patens. (1) chlorogenic acid, (4) catechin,
and (5) (-) epicatechin. ∗Different component. +Different concentration.

Table 3: The retention time of phenolic compounds at 290 nm.

Number Standard Retention time (Rt) min
1 Chlorogenic acid 7.406
2 Caffeine 7.846
3 Caffeic acid 7.950
4 Epicatechin 8.417
5 Catechin 8.518
6 Syringic acid 8.639
7 Rutin 11.196
8 trans-Ferulic acid 11.326
9 Hesperidin 13.164
10 Quercetin 15.262
11 trans-Cinnamic acid 16.126
12 Naringenin 16.583
13 Kaempferol 16.920

Table 4: 1H(400MHz) and 13C (100MHz)NMRspectroscopic data
for compound 1 in CD3OD.

Position 𝛿𝐶 Type 𝛿𝐻, multiplicity (J in Hz)
C-2 80.0 CH 4.816, sl (8, 1.6)
C-3 67.6 CH 4.17, sept (16.8, 3.2, 1.6)

C-4 29.4 CH2
2.86, dd (16.8, 4.4, 𝛼)
2.73, dd (16.8, 2.8, b)

C-4a 100.2 C
C-5 158.1 C
C-6 96.55 CH 5.94, d (2.4)
C-7 157.8 C
C-8 96.05 CH 5.92, d (2.4)
C-8a 157.5 C
C-1’ 132.4 C
C-2’ 116.0 CH 6.97, d (2)
C-3’ 145.9 C
C-4’ 146.1 C
C-5’ 115.5 CH 6.75, d (8)
C-6’ 119.6 CH 6.79, dd (8, 2)

with hyperglycemia induced by STZ (glucose levels higher
300mg/dL). FME and CME extracts produced a reduction in

Table 5: Glucose levels and serum insulin in experimental rats.

Sample SG (mg/dL) SIN (mUI/mL)
HC 112.70 ± 22.11 2.10 ± 1.27
DC 437.50 ± 0.71### 2.50 ± 1.31
DCV 429.00 ± 2.83 1.95 ± 0.07
Metformin 123.90 ± 33.99∗∗∗ 1.74 ± 0.06
Acarbose 142.30 ± 31.99∗∗∗ 2.15 ± 0.39
CME 150 93.25 ± 20.22∗∗∗ 1.63 ± 0.71
CME 75 156.00 ± 15.13∗∗∗ 1.33 ± 0.15
CME 35 153.00 ± 30.36∗∗∗ 2.32 ± 1.32
FME 150 117.50 ± 41.35∗∗∗ 1.47 ± 0.55
FME 75 168.80 ± 11.67∗∗∗ 2.00 ± 0.87
FME 35 162.00 ± 28.77∗∗∗ 2.75 ± 0.35
(SG) concentration of glucose; (SIN) insulin; HC: healthy control; DC:
diabetic control; DCV: diabetic control vehicle; CME 150: crude methanolic
extract at a concentration of 150 mg/kg; CME 75: crude methanolic extract
at a concentration of 75 mg/kg; CME 35: crude methanolic extract at a
concentration of 35 mg/kg; FME 150: fractional methanolic extract at a
concentration of 150 mg/kg; FME 75: fractional methanolic extract at a
concentration of 75 mg/kg; FME 35: fractional methanolic extract at a
concentration of 35 mg/kg. For the corresponding mean ± SD, ###P < 0.001
compared to the healthy control and ∗∗∗P < 0.01 compared to the diabetic
control.

glucose concentration (Table 5), which reached anormal level
after 10 administrations. At a concentration of 150mg/kg,
extracts showed a greater decrease in glucose level. Likewise,
the extracts and metformin exhibited a decrease in serum
insulin compared to the diabetic control. However in the
diabetic control as well as in acarbose, this behaviour was
not observed. Some studies explain that this increase in
insulin levels is due to resistance to insulin, which leads
to peripheral hyperglycemia and major insulin secretion, a
process known as compensatory hyperinsulinemia [44, 45].
Levels of serum creatinine (SCr), serum urea (SUr), and
blood urea nitrogen (BUN) were measured in order to assess
the effects on the kidney, as this damage is one of the main
collateral effects of hyperglycemia. The malfunction of this
organ leads to an increase in metabolic waste products in the
blood [46]. The 150mg/kg concentration of CME and FME
results in the best protective effect in relation to SCr, and no
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Table 6: Kidney and liver profile of experimental rats.

Sample SCr (mg/dL) SUr (mg/dL) BUN (mg/dL) AlT (mg/dL) AsT (𝜇U/mL)
HC 1.20 ± 0.03 47.83 ± 15.20 23.94 ± 6.50 65.33 ± 21.72 156.20 ± 60.50
DC 1.05 ± 0.02 82.50 ± 24.69± 38.53 ± 11.49 99.33 ± 26.27 208.50 ± 93.26
DCV 0.75 ± 0.01 76.00 ± 27.13 32.08 ± 16.24 61.33 ± 13.20 188.80 ± 81.49
Metformin 0.74 ± 0.02 34.50 ± 10.63z 20.53 ± 5.04z 65.50 ± 12.22 145.40 ± 26.60
Acarbose 0.83 ± 0.31 48.33 ± 1.53 22.67 ± 1.16 59.50 ± 14.57 136.00 ± 36.17
CME 150 0.63 ± 0.02 31.25 ± 1.71zzz 14.55 ± 0.81z 73.25 ± 24.68 138.00 ± 22.07
CME 75 0.90 ± 0.10 43.00 ± 3.61z 20.07 ± 1.65 69.67 ± 11.15 139.30 ± 31.18
CME 35 1.37 ± 0.38 54.33 ± 7.52 26.50 ± 3.66 73.25 ± 14.06 157.80 ± 28.49
FME 150 0.67 ± 0.05 31.50 ± 4.07zzz 14.68 ± 2.39zz 45.50 ± 5.07z 141.00 ± 36.40
FME 75 1.20 ± 0.32 56.00 ± 5.77 24.68 ± 4.02 76.25 ± 19.28 136.30 ± 22.29
FME 35 1.10 ± 0.14 47.00 ± 10.86z 21.93 ± 5.07 76.75 ± 26.04 134.00 ± 31.23
(SCr) serum creatinine; (SUr) serumurea; (BUN) bloodurea nitrogen; (AlT) alanine aminotransferase; (AsT) aspartate aminotransferase; HC: healthy control;
DC: diabetic control; DCV: diabetic control vehicle; CME 150: crude methanolic extract at a concentration of 150 mg/kg; CME 75: crude methanolic extract at
a concentration of 75 mg/kg; CME 35: crude methanolic extract at a concentration of 35 mg/kg; FME 150: fractional methanolic extract at a concentration of
150 mg/kg; FME 75: fractional methanolic extract at a concentration of 75 mg/kg; FME 35: fractional methanolic extract at a concentration of 35 mg/kg. For
the corresponding mean ± SD, ±P < 0.05 compared to health control, zP < 0.05 compared to the diabetic control, zzP < 0.05 compared to the diabetic control,
and zzzP < 0.05 compared to the diabetic control.

Table 7: Lipid profile (mg/dL) among experimental rats.

Sample TC Tg LDL HDL
HC 68.60 ± 12.93 104.80 ± 25.42 17.00 ± 4.97 35.75 ± 7.27
DC 53.00 ± 10.00 160.30 ± 71.30 12.60 ± 3.58 24.40 ± 8.73
DCV 64.50 ± 5.32 147.30 ± 73.58 12.67 ± 6.43 34.25 ± 5.06
Metformin 58.38 ± 10.70 83.29 ± 20.86 21.83 ± 4.92 32.33 ± 10.93
Acarbose 48.25 ± 7.50 47.75 ± 13.10zz 22.25 ± 10.81 18.75 ± 1.5
CME 150 61.50 ± 5.80 94.75 ± 13.38 13.33 ± 1.16 36.25 ± 3.59

CME 75 54.67 ± 7.37 47.67 ± 6.03z 32.00 ± 2.00zz 13.33 ± 4.16◊±

CME 35 44.00 ± 7.07 50.25 ± 16.76z 17.00 ± 4.08 20.33 ± 8.39
FME 150 77.00 ± 8.20 99.25 ± 5.85 27.67 ± 6.81z 41.25 ± 4.19zz

FME 75 59.75 ± 12.42 76.50 ± 28.69 26.67 ± 3.06 23.00 ± 1.00
FME 35 60.75 ± 9.00 75.75 ± 48.42 29.67 ± 5.51z 22.33 ± 3.51
(TC) total cholesterol; (Tg) triglycerides; (LDL) low-density lipoproteins; (HDL) high-density lipoproteins; HC, healthy control; DC, diabetic control; DCV,
diabetic control vehicle; CME 150, crudemethanolic extract at a concentration of 150 mg/kg; CME 75, crude methanolic extract at a concentration of 75 mg/kg;
CME 35, crude methanolic extract at a concentration of 35 mg/kg; FME 150, fractional methanolic extract at a concentration of 150 mg/kg; FME 75, fractional
methanolic extract at a concentration of 75 mg/kg; FME 35, fractional methanolic extract at a concentration of 35 mg/kg. For the corresponding mean ± SD: zP
< 0.05 compared to the diabetic control, zzP < 0.05 compared to the diabetic control, ±P < 0.05 compared to health control, P < 0.05 compared to acarbose,
◊P < 0.05 compared to metformin.

difference was observed between the two extracts (Table 6).
Enzymes AlT and AsT are an indicator of liver injury, as
enzymes leaking from cytosol liver cells into bloodstream
correlate with insulin resistance, diabetes, and inflammatory
processes of the liver [47, 48]. FME induced a marked
decrease in AlT, making further histopathological studies
necessary to confirm whether there is protection or damage
to the liver as a result of the treatments. The effect of the
extracts on the lipid profile was also examined (Table 7).
Patients with DM type 2 have been characterized by high
triglycerides levels, low high-density lipoprotein cholesterol
(HDL) levels, normal low-density lipoprotein (LDL) levels,
and normal or slightly increased total cholesterol levels [49–
51]. This characteristic was observed in the group treated
with extracts and diabetic control, where no significant
differences were evident between treatments in terms of

total cholesterol; nevertheless a sharp decline in triglyceride
value was perceived in the acarbose and CME treatments
(75 and 35mg/kg). The capacity of acarbose for lowering
triglycerides has been described previously, finding that
200mg constitutes an effective dose for reducing the risk
of cardiovascular events in humans, implying a minimal
risk of hypoglycemia [52, 53]. Various studies have provided
evidence that phenolic compounds such as flavonoids may be
involved in decreased glucose levels in the in vivo model. It
has been suggested that the flavonoids naringenin and hes-
peretin may produce antiatherogenic effects, partly by means
of the activation of the peroxisome proliferator activated
receptor gamma PPAR-𝛾 and the upregulation of adiponectin
expression in adipocytes. Numerous reports document the
antidiabetic effects of flavan-3-ols, especially epigallocatechin
gallate (EGCG), in animals and cell-cultures. EGCG can elicit
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various changes that are associated with beneficial effects for
diabetes, including improvements in insulin secretion, glu-
cose uptake, insulin resistance, glucose tolerance, oxidative
stress, inflammation, and mitochondrial function [54, 55].
CME and FME comprise amixture of compounds and appear
to inhibit the 𝛼-glucosidase enzyme; however the inhibitory
activity of the identified compounds suggests that this is not
the only way to reduce hyperglycemia. As this is a mixture
of multitarget molecules, it is impossible to assess the anti-
hyperglycemic mechanism, as this would imply identifying
the two additional compounds and performing complemen-
tary studies. For the acute toxicity study which involved dos-
ing ≥2000mg/kg, there was no apparent mortality, suggest-
ing low toxicity, within category 5 according to the OECD
Globally Harmonized Classification System (GHS) (2014)
[27]. This is advantageous should you wish to concoct an
herbal preparation.

4. Conclusions

These results reveal that extracts of Hamelia patens with a
high content of phenolic compounds elicit 𝛼-glucosidase
inhibition and an antihyperglycemic effect. At a concentration
of 150mg/kg, they produce an equivalent effect tometformin.
Epicatechin and chlorogenic acid contribute to the antihyper-
glycemic activity ofH. patens; however it is necessary to carry
out the structural identification of any other components
present. Further research is necessary to elucidate the activity
mechanisms.
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Montejo, Ignacio E.Maldonado-Mendoza,Maŕıa del Carmen
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and B. Alvarado Sánchez, “Anti-inflammatory, free radical scav-
enging and alpha-glucosidase inhibitory activities of Hamelia
patens and its chemical constituents,” Pharmaceutical Biology,
vol. 54, no. 9, pp. 1822–1830, 2016.

[19] A. Andrade-Cetto, S. Escandón-Rivera, and V. Garcia-Luna,
“Hypoglycemic effect of Hamelia patens Jacq., aerial part in
STZ-NA-induced diabetic rats,” Pharmacologyonline, vol. 3, pp.
65–69b, 2015.

[20] A. Ahmad, A. Pandurangan, N. Singh, and P. Ananad, “A mini
review on chemistry and biology of Hamelia Patens (Rubi-
aceae),” Pharmacognosy Journal, vol. 4, no. 29, pp. 1–4, 2012.

[21] J. Bano, S. Santra, and E.Menghani, “Hamelia patens a potential
plant from Rubiaceae family: A review,” International Journal
of Scientific & Engineering Research, vol. 6, no. 12, pp. 960–973,
2015.

[22] E. C. Cruz and A. Andrade-Cetto, “Ethnopharmacological field
study of the plants used to treat type 2 diabetes among the
Cakchiquels in Guatemala,” Journal of Ethnopharmacology, vol.
159, pp. 238–244, 2015.

[23] D. A. Sampietro, M. A. Sgariglia, J. R. Soberón, E. N. Quiroga,
andM. A. Vattuone, “Colorimetric reactions,” in Isolation, Iden-
tification and Characterization of Allelochemicals/Natural Prod-
ucts, chapter 4, pp. 78–82, 2009.

[24] H. P. S. Makkar and K. Becker, “Vanillin-HCl method for con-
densed tannins: effect of organic solvents used for extraction of
tannins,” Journal of Chemical Ecology, vol. 19, no. 4, pp. 613–621,
1993.

[25] B. A. Cevallos-Casals and L. Cisneros-Zevallos, “Stoichiometric
and kinetic studies of phenolic antioxidants from Andean pur-
ple corn and red-fleshed sweetpotato,” Journal of Agricultural
and Food Chemistry, vol. 51, no. 11, pp. 3313–3319, 2003.

[26] P. Salehi, B. Asghari, M. A. Esmaeili, H. Dehghan, and I. Ghazi,
“𝛼-Glucosidase and𝛼-amylase inhibitory effect and antioxidant
of ten plant extracts traditionally used in Iran for diabetes,”
Journal of Medicinal Plants Research, vol. 7, no. 6, pp. 257–266,
2013.

[27] OECD/OCDE 423, OECD Guideline for testing of chemicals,
Acute Oral Toxicity – Acute Toxic Class Method, Environment
Directorate Organisation for Economic Co-Operation and De-
velopment, Paris, France, 2001.

[28] B. L. Furman, “Streptozotocin-induced diabetic models in mice
and rats,” Current Protocols in Pharmacology, vol. 70, pp. 5.47.1–
5.47.20, 2015.

[29] I. J. Flores-Sanchez and A. C. Ramos-Valdivia, “A review from
patents inspired by two plant genera: Uncaria and Hamelia,”
Phytochemistry Reviews, vol. 16, no. 4, pp. 693–723, 2017.

[30] R. Vinayagam and B. Xu, “Antidiabetic properties of dietary
flavonoids: A cellular mechanism review,” Journal of Nutrition
and Metabolism, vol. 12, no. 60, pp. 1–20, 2015.

[31] S. Marella, “Flavonoids-Themost potent poly-phenols as antidi-
abetic agents: an overview,”ModernApproaches in Drug Design-
ing, vol. 1, no. 3, pp. 2–5, 2017.

[32] A.Ullah, A. Khan, and I. Khan, “Diabetesmellitus and oxidative
stress-A concise review,” Saudi Pharmaceutical Journal, vol. 24,
pp. 547–553, 2016.

[33] D. Shasha, C.Magogo, and P. Dzomba, “Reversed phase HPLC-
UV Quantitation of BHA, BHT and TBHQ in food items sold
in bindura supermarkets, Zimbabwe,” International Research
Journal of Pure & Applied Chemistry, vol. 4, no. 5, pp. 578–584,
2014.

[34] M. Vessal, M. Hemmati, and M. Vasei, “Antidiabetic effects of
quercetin in streptozocin-induced diabetic rats,” Comparative
Biochemistry and Physiology Part C: Toxicology & Pharmacol-
ogy, vol. 135, no. 3, pp. 357–364, 2003.

[35] P.-C. Hsieh, G.-J. Huang, Y.-L. Ho et al., “Activities of antioxi-
dants, 𝛼-glucosidase inhibitors and aldose reductase inhibitors
of the aqueous extracts of four Flemingia species in Taiwan,”
Botanical Studies, vol. 51, no. 3, pp. 293–302, 2010.

[36] W. Kang, Y. Song, and X. Gu, “𝛼-glucosidase inhibitory in vitro
and antidiabetic activity in vivo ofOsmanthus fragrans,” Journal
of Medicinal Plants Research, vol. 6, no. 14, pp. 2850–2856, 2012.

[37] N. Zahratunnisa, B. Elya, and A. Noviani, “Inhibition of Alpha-
glucosidase and antioxidant test of stem bark extracts of
Garcinia fruticosa Lauterb,” Pharmacognosy Journal, vol. 9, no.
2, pp. 273–275, 2017.

[38] J. E. Wong, C. Rubio, A. Reyes, C. N. Aguilar, and M. L. Carril-
lo, “Phenolic content and antibacterial activity of extracts of
Hamelia patens obtained by different extraction methods,” Bra-
zilian Journal of Microbiology, vol. 49, no. 3, pp. 656–661, 2017.

[39] G. Oboh, O. M. Agunloye, S. A. Adefegha, A. J. Akinyemi, and
A. O. Ademiluyi, “Caffeic and chlorogenic acids inhibit key en-
zymes linked to type 2 diabetes (in vitro): a comparative study,”
Journal of Basic and Clinical Physiology and Pharmacology, vol.
26, no. 2, pp. 165–170, 2015.

[40] S.-Y. Chiou, J.-M. Sung, P.-W. Huang, and S.-D. Lin, “Antiox-
idant, Antidiabetic, and Antihypertensive Properties of Echi-
nacea purpurea Flower Extract and Caffeic Acid Derivatives
Using in Vitro Models,” Journal of Medicinal Food, vol. 20, no.
2, pp. 171–179, 2017.

[41] C.-M. Ma, M. Hattori, M. Daneshtalab, and L. Wang, “Chloro-
genic acid derivatives with alkyl chains of different lengths and
orientations: Potent𝛼-glucosidase inhibitors,” Journal of Medic-
inal Chemistry, vol. 51, no. 19, pp. 6188–6194, 2008.

[42] C. Tan, Q.Wang, C. Luo, S. Chen, Q. Li, and P. Li, “Yeast 𝛼-glu-
cosidase inhibitory phenolic compounds isolated from Gynura
medica leaf,” International Journal of Molecular Sciences, vol. 14,
no. 2, pp. 2551–2558, 2013.
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Obesity has become a major health threat in developed countries. However, current medications for obesity are limited because
of their adverse effects. Interest in natural products for the treatment of obesity is thus rapidly growing. Korean medicine is
characterized by the wide use of herbal formulas. However, the combination rule of herbal formulas in Korean medicine lacks
experimental evidence. According to Shennong’s Classic of Materia Medica, the earliest book of herbal medicine, Bupleuri Radix
(BR) and Scutellariae Radix (SR) possess the Sangsoo relationship, whichmeans they have synergistic features when used together.
Therefore these two are frequently used together in prescriptions such as Sosiho-Tang. In this study, we used the network
pharmacological method to predict the interaction between these two herbs and then investigated the effects of BR, SR, and
their combination on obesity in 3T3-L1 adipocytes. BR, SR, and BR-SR mixture significantly decreased lipid accumulation and the
expressions of two major adipogenic factors, peroxisome proliferator-activated receptor-gamma (PPAR𝛾) and CCAAT/enhancer-
binding protein-alpha (C/EBP𝛼), and their downstream genes, Adipoq, aP2, and Lipin1 in 3T3-L1 cells. In addition, the BR-SR
mixture had synergistic effects compared with BR or SR on inhibition of adipogenic-gene expressions. BR and SR also inhibited
the protein expressions of PPAR𝛾 and C/EBP𝛼. Furthermore, the two extracts successfully activated AMP-activated protein kinase
alpha (AMPK 𝛼), the key regulator of energymetabolism. When compared to those of BR or SR, the BR-SRmixture showed higher
inhibition rates of PPAR𝛾 and C/EBP𝛼, along with higher activation rate of AMPK.These results indicate a new potential antiobese
pharmacotherapy and also provide scientific evidence supporting the usage of herbal combinations instead of mixtures in Korean
medicine.

1. Introduction

The epidemiology of obesity is constantly increasing, becom-
ing a health threat all over the world. The World Health
Organization has reported that over 1.4 billion adults world-
wide are overweight (BMI ≥ 25 kg/m2) or obese (BMI
≥ 30 kg/m2) [1]. However, there are only 5 treatments
(orlistat, lorcaserin, liraglutide, phentermine/topiramate, and
bupropion/naltrexone) approved by the United States Food

and Drug Administration. Despite their efficacies, adverse
effects of these drugs lead to search for other options [2].

Obesity is caused by a simple process: when energy intake
exceeds expenditure, the excess energy is saved in as a form
of lipid. On the other hand, in the perspective of selecting
treatments, there are more than pathways to resolve this
metabolic syndrome. Pharmacological approach for obesity
treatment can be subcategorized into twomethods: inhibiting
lipid accumulation or consuming accumulated lipids. Former
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method inhibits lipid accumulation in adipose tissues by
decreasing appetite, lowering fat absorption, and inhibiting
adipogenesis, and the latter is by increasing energy expendi-
ture via fatty acid oxidation or brown adipose tissue- (BAT-)
related thermogenesis [3]

Network pharmacology is a system biology-based
methodology for pharmacological research [4, 5]. Network
pharmacological research replaces the dominant paradigm
of drug design based on “one gene, one drug, one disease,”
into multitarget drugs that act on biological networks.
These unique characteristics of network pharmacology
expand the potential use of traditional herbal medicine
including Korean medicine, Japanese Kampo medicine,
and Traditional Chinese Medicine [6]. In this premise,
as obesity is a multipathway-involved disease, and the
multicomponent-multitarget herbal drugs may provide an
answer to its treatment.

Bupleuri Radix (BR) and Scutellariae Radix (SR) are
both components of Sosiho-Tang, a traditional Korean herbal
formula which is originally used to treat chronic herbal
diseases. The antiobese effect of Sosiho-Tang is reported in
a study using 3T3-L1 adipocytes and high fat diet- (HFD-)
induced obese C57BL/6J mice [7]. In the current study, Yoo
et al. show Sosiho-Tang can inhibit adipogenesis by suppress-
ing CCAAT/enhancer-binding protein-alpha (C/EBP𝛼) and
peroxisome proliferator-activated receptor-gamma (PPAR𝛾),
two key regulators of adipogenesis in vivo and in vitro. Fur-
thermore, other studies demonstrate that BR can attenuate
obesity in rats by regulating adipogenic factors [8], while
its active compound saikosaponin A inhibits inflammatory
markers in adipocytes [9]. Several reports also demonstrate
the antiobese and antiadipogenic effect of SR [10] and its
active compounds such as baicalin [11–14], baicalein [15, 16],
and wogonin [17–19].

Based on these studies, we expected that BR and SR
are the major components of Sosiho-Tang responsible for
antiobese effects. They are used for specific types of obesity
patients after diagnosis by a Korean medicine practitioner,
and, in addition, several experimental studies also report
the possibility. According to Shennong’s Classic of Materia
Medica, a classic of oriental medicine introducing 365 kinds
of herbs and their features [20], BR and SR are Sangsoo
(synergistic) pairs. As a pair of Sangsoo (synergism), our
hypothesis herein is that BR and SR may show synergistic
effects in obesity-related mechanisms. Therefore, in this
study, we evaluate the synergistic potential between BR and
SR by the network pharmacological approach and assess
their effects on obesity by investigating related mecha-
nisms.

2. Materials and Methods

2.1. Reagents. 3-Isobutylmethylxanthine (IBMX), dexam-
ethasone (Dex), and Insulin were purchased from Sigma
Chemicals (St Louis, MO, USA). Dulbecco’s modified Eagle’s
medium (DMEM), penicillin-streptomycin, bovine serum
(BS), and fetal bovine serum (FBS) were purchased from
Gibco BRL (Grand Island, NY, USA).

Table 1: Nineteen activemain components of Scutellariae Radix and
Bupleuri Radix.

Scutellariae Radix Bupleuri Radix
(S)-camphor (-)-alpha-Pinene
apigenin (Z,Z)-farnesol
baicalein Baicalin
Baicalin beta-Eudesmol
beta-sitosterol coumarin
scutellarein kaempferol
palmitic acid quercetin
wogonin capsaicin
Linolenic acid methyl ester saikosaponin a

oleanolic acid

2.2. Preparation of Water Extracts of BR and SR. BR (the
root of Bupleurum falcatum Linne) and SR (the root of
Scutellaria baicalensis Georgi), both originated from China,
were purchased from Omniherb Co. (Daegu, Republic of
Korea) identified by a specialist of herbs. 100 g of BR was
extracted in 1000 ml of distilled water at 100∘C for 4 h. 100
g of SR was extracted by the same method. Then, the water
extracted BR and SR were freeze dried.The yields were 15.9%
and 17.6% for BR and SR, respectively. The same amounts of
BR and SR were mixed to prepare the BR-SR mixture.

2.3. Network Pharmacological Analysis. The herbal com-
pound-target gene information was analyzed using the Tra-
ditional Chinese Medicine Systems Pharmacology Database
(TCMSP). The major chemical components of SR and BR
were collected and extracted from TCMSP. We collected
each 99 and 147 compounds that encompassed the main
components of SR and BR, taking into account the relevant
reports. Then we selected the 9 and 10 chemical compounds
that satisfied an oral bioavailability (OB) ≥ 10% and drug-
likeness (DL) ≥ 0.04 and provide further extraction and
optimization of the medicinal ingredients. Nineteen pharma-
cological ingredients that satisfied the above conditions are
showed in Table 1. In a biological network, nodes are visual
representations proteins, genes, or metabolites. An edge is a
visual representation of a relation. It is a line that connects
two nodes and represents biological relationships, such as
physical interactions or gene expression regulation [21]. In
this study, nodes mean compounds and targets, and edges are
relationships between compounds and target. Degree is the
number of connected nodes.

To construct a compound-target network, we used
Cytoscape 3.6.0 software. By compound-target network, we
studied Sangsoo relationships between SR and BR. Multiple
targets that participate in 3T3-L1 adipocytes were shared by
each compound of SR and BR.

2.4. Cell Culture and Adipocyte Differentiation. 3T3-L1
preadipocytes (American TypeCulture Collection, Rockville,
MD, USA) was cultured and differentiated as previously
described [22]. Briefly, 3T3-L1 preadipocytes were cultured
in DMEM containing 1% penicillin-streptomycin and 10%
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BS in 6-well plates until confluence at 37∘C. Two days after
100% confluence (day 0), cells were differentiated for 48 h in
differentiation medium composed of DMEM containing 10%
FBS and differentiation inducers (MDI: 0.5 mM IBMX, 1 𝜇M
Dex, and 1 𝜇g/ml insulin). From day 2 to day 4, the cells were
incubated in culture medium (DMEM plus 10% FBS and 1
𝜇g/ml insulin) supplemented with BR, SR, or BR-SRmixture.
Then, at day 4, the medium was changed into fresh culture
medium and the cells were cultured for 48 h.

2.5. Cell Viability Assay. Cytotoxicity of BR, SR, and BR-SR
mixture was evaluated using the MTS assay, as previously
described [23]. The absorbance was measured at 490 nm
using a VERSAmax microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

2.6. Oil Red O Staining. Intracellular lipid accumulation was
measured by Oil Red O staining as previously described
[24]. The absorbance, which is proportional to intracellular
lipid, was measured at 500 nm with a VERSAmax microplate
reader (Molecular Devices, Sunnyvale, CA, USA).

2.7. RNA Isolation and Real-Time Reverse-Transcription Poly-
merase Chain Reaction (RT-PCR). Total RNA was extracted
from BR, SR, or BR-SR mixture-treated cells using QIAzol
lysis reagent (Qiagen Sciences Inc., Germantown, MD, USA)
and GeneAll RiboEx Total RNA extraction kit (GeneAll
Biotechnology, Seoul, Republic of Korea) as previously
described [25]. mRNA evaluation was performed using a
StepOnePlus Real-time RT-PCR System (Applied Biosys-
tems, Foster City, CA, USA). Primer sequences used in this
study are described in Table 2.

2.8. Protein Extraction and Western Blot Analysis. BR, SR,
or BR-SR mixture-treated cells were harvested and lysed in
Cell Lysis Buffer (Cell Signaling Technology Inc., Danvers,
MA, USA). Determination of total protein concentration and
western blot analysis were performed as described previously
[25, 26].

2.9. Statistical Analysis. Results are expressed as mean ±
standard error mean (SEM). Student t-test was used to
determine statistical relevance. All statistical analyses were
performed using GraphPad Prism 5 (GraphPad Software, La
Jolla, CA, USA).

3. Results

3.1. Compound-Compound Target Network Analysis of BR and
SR. For prediction analysis of Sangsoo relationship between
BR and SR, we constructed the compound-target network
(Figure 1(a)) based on data mining. This network consists
of 19 compounds and 504 candidate targets in which pink
circles and blue ones correspond to active components and
targets, respectively. In the relationships between compounds
and targets, we found 265 nodes and 504 edges. The means
of degree value (the number of associated targets) of the
compounds were 18, indicating that most of the compounds

Table 2: Primer sequences (5 to 3) for real-time RT-PCR.

Genes 5 to 3 Oligonucleotide Sequences
Mouse Pparg

Sense (Forward) TTT TCA AGG GTG CCAGTT TC
Antisense (Reverse) TTA TTC ATC AGG GAG GCC AG

Mouse Cebpa
Sense (Forward) GCC GAG ATA AAG CCA AACAA
Antisense (Reverse) CCT TGA CCA AGG AGC TCT CA

Mouse aP2
Sense (Forward) CGTAAATGGGGATTTGGTCA
Antisense (Reverse) TCGACTTTCCATCCCACTTC

Mouse Adipoq
Sense (Forward) AGACCTGGCCACTTTCTCCTCATT
Antisense (Reverse) AGAGGAACAGGAGAGCTTGCAACA

Mouse Lipin1
Sense (Forward) TTCCTTGTCCCTGAACTGCT
Antisense (Reverse) TGAAGACTCGCTGTGAATGG

Mouse Gapdh
Sense (Forward) AAC TTT GGC ATT GTG GAA GG
Antisense (Reverse) GGA TGC AGG GAT GAT GTT CT

regulated multiple targets to exert various therapeutic effects.
The mean compounds of each target were 6, showing that
most of the targets can interact with multiple compounds
simultaneously.

Among the active compounds, quercetin of BR exhibits
the highest number of target candidate target interactions
(degrees =154), followed by apigenin from SR (degrees = 80),
kaempferol from BR (degrees = 59), and wogonin from SR
(degrees = 52).

In the 504 targets of active compounds, prostaglandin
G/H syntheses 2 showed the highest degree (degrees =
12), which was followed by apoptosis regulator Bcl-2 and
caspase-3 (degrees = 10), prostaglandin G/H synthase 1
and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit, and gamma isoform (degrees = 9). The network
pharmacological analysis result demonstrates the poten-
tial synergistic effect of SR and BR on adipogenesis and
energy expenditure through modulating these relevant pro-
teins.

3.2. BR and SR Inhibit Lipid Accumulation in 3T3-L1
Adipocytes. First, we evaluated the cytotoxicity of BR and SR
on 3T3-L1 adipocytes. As shown in Figure 2(a), BR and SR
did not affect cell viability up to concentration of 10 𝜇g/ml
and 1 𝜇g/ml, respectively, when analyzed by an MTS assay.
Further experiments were conducted using concentrations
which did not decrease cell viability. Next, to evaluate the
effect of BR and SR on lipid accumulation, Oil Red O staining
assaywas performed.Adipocytes treatedwithBR and SR both
showed concentration-dependent decrease of intracellular
lipids (Figure 2(b)).
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(a)

(b)

Figure 1: Compound-compound target network of BR and SR. (a) Compound-compound target network of BR and SR. (b) Synergistic target
network of BR and SR. Blue ovals represent targets related in adipogenesis, red ovals represent targets related in energy expenditure, and green
ovals represent targets related in both.
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Figure 2: BR and SR inhibit lipid accumulation in 3T3-L1 adipocytes. (a) An MTS assay was performed in order to measure the effects of
Bupleuri Radix and Scutellariae Radix on cell viability in 3T3-L1 cells. (b) An Oil Red O assay was performed in order to measure the effect
of Bupleuri Radix and Scutellariae Radix on lipid accumulation in 3T3-L1 cells. (c) A Real-Time RT-PCR assay was performed in order to
measure the effect of Bupleuri Radix and Scutellariae Radix onmRNA expressions of AdipoQ, aP2, and Lipin1. GapdhmRNAwas analyzed as
an internal control. Experiments were repeated at least three times. Data represented are the relative expression. All values are mean ± SEM.
∗𝑝 < 0.05, significantly different from untreated adipocytes. BR, Bupleuri Radix; SR, Scutellariae Radix.
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Figure 3: BR and SR suppress adipogenesis and increase energy expenditure in 3T3-L1 adipocytes. (a) A real-time RT-PCR assay was
performed in order to measure the effect of Bupleuri Radix and Scutellariae Radix on mRNA expressions of Cebpa and Pparg. (b) A western
blot assay was performed in order to measure the effect of Bupleuri Radix Scutellariae Radix on protein expressions of C/EBP𝛼, PPAR𝛾, and
(c) p-AMPK𝛼. Gapdh mRNA was analyzed as an internal control for Real-Time RT-PCR assays. Experiments were repeated at least three
times. Data represented are the relative expression. All values are mean ± SEM. ∗𝑝 < 0.05, significantly different from untreated adipocytes.
BR, Bupleuri Radix; SR, Scutellariae Radix.

3.3. BR and SR Decrease Adipokines in 3T3-L1 Adipocytes.
Real-time RT-PCR assays revealed adipokine genes including
Adipoq, aP2, and Lipin1 were decreased as well (Figure 2(c)).
Adiponectin, an adipokine transcripted by the Adipoq gene,
promotes adipocyte differentiation by increasing C/EBP𝛼
and PPAR𝛾 in 3T3-L1 adipocytes [27], and also secreted
adiponectins are considered as a marker to evaluate adi-
pogenic differentiation [28]. Adipocyte protein 2 (aP2) is a
mediator of intracellular transport of fatty acids which is
primarily expressed in adipocytes and macrophages [29].
Inhibition of this protein leads to a potential amelioration
of obesity [30]. The role of Lipin-1, a protein with the most
prominent expression in adipose tissue, skeletal muscle, and
testis [31], in adipogenesis is complex. Several studies indicate
its importance since the lack of Lipin-1 results in disturbed
adipogenesis both in vivo and in vitro [32–34].

3.4. BR and SR Suppress Adipogenesis and Increase Energy
Expenditure in 3T3-L1 Adipocytes. To investigate the action
mechanism in lipid inhibition by BR and SR, we assessed the
change in adipogenic factors. Twomajor controllers in adipo-
genesis, C/EBP𝛼 and PPAR𝛾, were significantly decreased by
BR and SR treatment at mRNA level and protein level both
(Figures 3(a) and 3(b)), suggesting suppressed adipogenesis
was responsible for the antilipogenic effect of BR. Then,
we evaluated the effect of BR and SR on AMP-activated
protein kinase alpha (AMPK𝛼). As a result, we observed
concentration-dependent increase in phosphorylation of
AMPK𝛼 in BR- and SR-treated adipocytes (Figure 3(c)).
Through these results, we could conclude that BR and SR
suppress lipid accumulation in 3T3-L1 adipocytes by two
action mechanisms: inhibition of adipogenesis and increase
of energy expenditure.
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Figure 4: BR-SR mixture synergistically suppresses lipid accumulation in 3T3-L1 adipocytes. (a) AnOil Red O assay was performed in order
to measure the effect of Bupleuri Radix, Scutellariae Radix, and their 1:1 mixture on lipid accumulation in 3T3-L1 cells. (b) A Real-Time RT-
PCR assay was performed in order to measure the effect of Bupleuri Radix, Scutellariae Radix, and their 1:1 mixture on mRNA expressions of
AdipoQ, aP2, and Lipin1. GapdhmRNAwas analyzed as an internal control. Experiments were repeated at least three times. Data represented
are the relative expression. All values are mean ± SEM. ∗𝑝 < 0.05, significantly different from untreated adipocytes. BR, Bupleuri Radix; SR,
Scutellariae Radix.

3.5. BR-SR Mixture Synergistically Suppress Lipid Accumula-
tion in 3T3-L1 Adipocytes. To confirm whether our hypoth-
esis is correct or not, we then performed experiments to
evaluate the synergism between BR and SR. BR and SR
are contained in Sosiho-Tang at a 3:2 ratio (12 g and 8 g,
respectively), and our results on separate extracts showed
1 𝜇g/ml was the most efficient concentration of SR while
1 𝜇g/ml and 10 𝜇g/ml of BR did not differ significantly.
Therefore, we used BR-SR mixture at 1 𝜇g/ml of which
extracts were mixed at 1:1 ratio. As shown in Figure 4(a),
BR-SR 1:1 mixture suppressed lipid accumulation in 3T3-
L1 adipocytes, whose inhibition rate was higher than BR
1 𝜇g/ml or SR 1 𝜇g/ml (p < 0.05 and p = 0.06, respec-
tively). Further qPCR results indicated synergistic inhibition
of adipokine genes such as Adipoq, aP2, and Lipin1 (Fig-
ure 4(b)).

3.6. BR-SR Mixture Synergistically Inhibits Adipogenesis and
Increases Energy Expenditure. To investigate the effect of BR-
SR mixture on adipogenesis, we analyzed expression levels of
Cebpa and Pparg using Real-Time RT-PCR. As in Figure 5(a),
BR-SR 1:1 mixture showed higher inhibition rate in the two
factors when compared to separate extracts at the same con-
centration. Consistently, BR-SR mixture showed synergistic
inhibitory effect on protein levels of C/EBP𝛼 and PPAR𝛾
as well (Figure 5(b)). Mixture of BR and SR also enhanced
the activation of AMPK𝛼 (Figure 5(c)), implying that these

two herbal extracts synergistically interact in two different
pathways of obesity treatment: inhibiting adipogenesis and
increasing energy expenditure.

4. Discussion

The emerging crisis of obesity impacts the world. A more
serious problem is that obesity can lead to other metabolism-
related diseases, such as diabetes, cardiovascular diseases,
and even cancer [35]. Current available medications for
obesity are however limited; therefore the necessity of new
options are growing. Nature-derived materials, in this case,
have gained interest in the field of obesity treatment due
to their positive effects with pharmacological safety [36].
Sosiho-Tang is a Korean medical formula composed of seven
herbs: BR (12 g), SR (8 g), Pinelliae Tuber (4 g), Ginseng
Radix (4 g), Zizyphi Fructus (4 g), Zingiberis Rhizoma (4
g), and Glycyrrhizae Radix (2 g). This herbal formula is a
candidate for optional treatments as Yoo et al. reported its
show antiobese effects in vivo and in vitro [7].

Several studies report the synergistic interaction in
nature-derived materials. Our previous study has reported
synergistic effect of two herbal pairs, Vertrum nigrum and
Panax ginseng [37]. Zhao et al. used HFD-induced rats
to show synergism between quercetin and resveratrol [38].
Another group has also reported the synergistic effect of
this pair “browning” of white adipose tissue [39]. In this
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Figure 5: BR-SRmixture synergistically inhibits adipogenesis and increases energy expenditure. (a) A real-timeRT-PCRassaywas performed
in order to measure the effect of Bupleuri Radix, Scutellariae Radix, and their 1:1 mixture on mRNA expressions of Cebpa and Pparg.
(b) A western blot assay was performed in order to measure the effect of Bupleuri Radix, Scutellariae Radix, and their 1:1 mixture on
protein expressions of C/EBP𝛼, PPAR𝛾, and (c) p-AMPK𝛼. Gapdh mRNA was analyzed as an internal control for Real-Time RT-PCR
assays. Experiments were repeated at least three times. Data represented are the relative expression. All values are mean ± SEM. ∗𝑝 < 0.05,
significantly different from untreated adipocytes. BR, Bupleuri Radix; SR, Scutellariae Radix.

study, we first analyzed the possible synergy of BR-SR pair
by a network pharmacological approach. In the compound-
target analysis, we observed several active compounds of BR
and SR regulate targets related to adipogenesis and energy
expenditure.

Obesity results from accumulation of excess energy in
the form of lipid in adipocytes. Adipogenesis is a process
of differentiation of preadipocyte into adipocytes. Numerous
transcriptional factors form a complex cascade of adipogen-
esis, of which process changes in shape, genes, proteins, and
hormones are accompanied [40, 41]. Among them, C/EBP𝛼
and PPAR𝛾 are considered to be the master regulators
in adipogenesis [42]. In the current study, BR-SR mixture
showed significant synergism on the inhibition of these two
key adipogenic factors.

In addition to inhibiting adipogenesis, pharmacolog-
ical activation of AMPK𝛼 is another potential pathway
for obesity treatment. The energy storing WAT expresses
AMPK, a serine/threonine protein kinase complex composed
of three subunits (AMPK𝛼, 𝛽 and 𝛾) which is activated
in low energy-conditions [43]. Activated AMPK induces
catalytic ATP generation while inhibiting anabolic pro-
cess of energy consumption in order to maintain cellular
energy homeostasis [44]. Thus, AMPK is one of the key
regulators in energy homeostasis that mediate glucose and
lipid metabolism to modulate energy levels [45]. Although
previous studies allow the anticipation of AMPK elevation

by BR [46] and SR [47, 48], the significance of our study
was that, by network pharmacological analysis, a possible
synergy mechanism on AMPK induction could be expected.
Our results show that BR and SR extracts can activate
AMPK𝛼, suggesting their ability to increase energy expendi-
ture. Furthermore, the 1:1 mixture of these two herbs inter-
acted synergistically, phosphorylating AMPK𝛼 at a higher
level.

Besides energy expenditure, AMPK𝛼 is also a regulator
of adipogenesis by suppressing C/EBP𝛼 and PPAR𝛾 [49].
These reports again provide substantial evidence of synergy
between BR and SR on adipogenesis. However, further study
is required to fully understand the synergy mechanism of this
Sangsoo pair of BR and SR.

5. Conclusion

Taken together, we analyzed the network pharmacological
action of the Sangsoo herbal pair BR and SR, the two
major components of Sosiho-Tang to predict their syner-
gistic possibility. The compound-target relevance showed
that these two herbs share two major antiobese targets:
adipogenesis and energy expenditure. Then we used 3T3-
L1 adipocytes to investigate whether the herbal pair do
synergistically interact. As expected, BR-SR mixture showed
synergism on suppressing intracellular lipid accumulation
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and adipokine genes, which resulted from inhibition of
adipogenic factors, C/EBP𝛼 and PPAR𝛾, and activation of
the key regulator of energy metabolism, AMPK𝛼. Despite
the fact that further mechanism study is required and that
our results lack in vivo effects of BR-SR herbal pair, our
results provide experimental evidence for the Koreanmedical
theory of Sangsoo and also suggest this herbal pair BR
and SR may benefit as a potential antiobese therapeutic
agent.
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A triterpene glycoside (TG) fraction isolated and purified from ethanolic extract ofGymnema sylvestre (EEGS) was investigated for
blood glucose control benefit using in vitromethods.The HPLC purified active fraction TG was characterized using FTIR, LC-MS,
and NMR. The purified fraction (TG) exhibited effective inhibition of yeast 𝛼-glucosidase, sucrase, maltase, and pancreatic 𝛼-
amylase with IC

50
values 3.16 ± 0.05 𝜇g/mL, 74.07 ± 0.51, 5.69 ± 0.02, and 1.17 ± 0.24 𝜇g/mL, respectively, compared to control. TG

was characterized to be a mixture of triterpene glycosides: gymnemic acids I, IV, and VII and gymnemagenin. In vitro studies were
performedusingmouse pancreatic𝛽-cell lines (MIN6). TGdid not exhibit any toxic effects on𝛽-cell viability and showedprotection
against H

2
O
2
induced ROS generation. There was up to 1.34-fold increase in glucose stimulated insulin secretion (p<0.05) in a

dose-dependent manner relative to standard antidiabetic drug glibenclamide. Also, there was further one-fold enhancement in
the expression of GLUT2 compared to commercial standard DAG (deacylgymnemic acid). Thus, the present study highlights the
effective isolation and therapeutic potential of TG, making it a functional food ingredient and a safe nutraceutical candidate for
management of diabetes.

1. Introduction

Type II diabetes is one of the most widespread metabolic
disorders in the world, characterized by hyperglycemia and
hyperlipidemia. About 190 million people are affected by
diabetes, and the number is projected to rise to 642 mil-
lion by 2040 [1]. It is known that the onset of diabetes
is related to many classic risk factors including oxidative
stress [2]. The complication associated with diabetes will
be enhanced due to the involvement of reactive oxygen
species (ROS) [3]. The ROS contributes to oxidative stress
and in turn damages pancreatic islets and reduces insulin
secretion. Growing evidences show that 𝛽-cells are central
to the development of type 2 diabetes [4]. Therefore, the
functional defects in 𝛽-cells are often accompanied by a
reduction in expression of glucose transporter-2 (GLUT2)
levels, further characterized by increased apoptosis of 𝛽-cells
[5, 6]. Therefore, therapies for improving the 𝛽-cell function

have become the potential new strategy to control hyper-
glycemia [7]. Studies demonstrate that supplementation with
natural antioxidant products has shown improvement of
hyperglycemic status by reducing the oxidative stress [8].
Also, glucose generation and absorption in the intestine play
a vital role in hyperglycemia management [9]. Inhibition of
𝛼-glucosidase and 𝛼-amylase which digest dietary starch into
glucose was studied as a method for controlling blood sugar
levels [10]. Although several drugs for type II diabetes are
in vogue, they have shown side effects such as liver toxicity
and gastrointestinal adversity [11]. Thus the quest for safe,
economical, and pharmacologically active molecules with
multifunctional attributes towards diabetes management is
necessary. This can be achieved by screening natural sources
such as medicinal plants. Moreover, there is considerable
interest in the application of traditional plants due to their
natural origin, easily cultivable with minimum or no side
effects.
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Gymnema sylvestre (GS), a woody vine-like climbing
plant, is well known in Indian traditional medicine “Ayurv-
eda”. It grows in the tropical forest of central and south-
ern India [12]. The leaves are used mostly as antiviral,
diuretic, antiallergic, hypoglycemic, hypolipidemic, antibi-
otic, antianalgesic, and antirheumatic agents [13]. The leaves
of GS contain triterpenoidal saponins belonging to oleanane
and dammarane classes [13]. Twenty different saponins and
glycosides have been reported in Gymnema sylvestre [14].
Several studies suggest that gymnemic acids may act as
antidiabetic by promoting regeneration of islet cells and
increase insulin secretion [15]. Also, gymnemic acids have
been reported to inhibit glucose absorption from the intestine
and utilize glucose by enhancing the activities of enzymes in
insulin-dependent pathways [15].

The current focus of our study was to isolate and char-
acterize bioactive agents (s) from Gymnema sylvestre and
evaluate in vitro antidiabetic effects to initiate a search for
nutraceutical pharmacophores towards inhibition of pancre-
atic 𝛼-amylase and 𝛼-glucosidase with improvement in beta
cell function.

2. Materials and Methods

2.1. Chemicals. 𝛼-Amylase from porcine pancreas, 𝛼-glucos-
idase from Saccharomyces cerevisiae, para-nitrophenyl-glu-
copyranoside (pNPG), soluble starch, and 3-4,5-(dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
were procured from SRL chemicals (Bangalore, India).
Rat intestinal acetone powder (source of 𝛼-glucosidase),
acarbose, Anti-GLUT2 antibody, anti-insulin antibody, 27-
dichlorodihydrofluorescein diacetate (DCFH-DA), acridine
orange (AO), and ethidium bromide (EtBr) were from Sigma
Chemical Co. (St. Louis, MO, USA). Glucose oxidase kit
was purchased from AGAPE diagnostics (India). ELISA kits
were purchased from Cytoglow Co. (India). Analytical and
HPLC grade solvents were from E. Merck (India). The dried
powder of Gymnema sylvestre was obtained from Nikhila
Karnataka Central Ayurvedic Pharmacy (Mysore, India).
Mouse pancreatic 𝛽-cell line (MIN6) was purchased from
NCCS (Pune, India). Dulbecco’s minimal essential medium
(DMEM), Fetal Bovine Serum (FBS), and antimycotic
solution were purchased from Himedia chemicals (India).
All other chemicals used in the study were of analytical grade
and purchased from Himedia chemicals (India).

2.2. Preparation of Gymnema sylvestre (GS) Extracts. GS
powder was extracted using different solvent systems like
methanol, ethanol, acetone, ethyl acetate, chloroform, and
water, respectively. The GS powder along with respective
solvents were left for 3 h refluxing, and the resulting infusions
were filtered. The filtrates were concentrated; solvents were
evaporated using rotary evaporator (Cole-Parmer SB 1100,
Shanghai, China) at 45∘C under reduced pressure and then
lyophilized. The greenish-black powder thus obtained was
stored at 4∘C until used for further assays.

2.3. 𝛼-Glucosidase Inhibitory Assay. Extracts of GS were
screened for 𝛼-glucosidase inhibitory activity according to

the method described in [16]. The source of 𝛼-glucosidase
enzyme was from Saccharomyces cerevisiae. The substrate
solution pNPG (2mg/mL)was prepared in 50mMphosphate
buffer, pH 6.8. 10 𝜇L of 𝛼-glucosidase (1.12 U/mL) was
preincubated with 10 𝜇L of known concentrations of GS
(extracted from different solvents) for 10 min. pNPG (10 𝜇L)
was added to start the reaction followed by incubation at
37∘C for 20 min. The reaction was stopped by adding 2 mL
of 0.1 M Na

2
CO
3
. The 𝛼-glucosidase activity was determined

by measuring the yellow-colored para-nitrophenol released
from pNPG at 405 nm. The results were expressed as
percentage of the blank control.

2.4. Preparative HPLC of Ethanolic Extract of Gymnema
sylvestre (EEGS). 200 g of dried plant material was extracted
using 1 L absolute ethanol under refluxing conditions for
3h. The extracted volume was concentrated using rotary
evaporator (Cole-Parmer SB 1100, Shanghai, China) at 45∘C
at high pressure and brought down to 500 mL. This was
further concentrated to ∼5 g wet weight and a stock of 1
mg/mL was prepared using HPLC grade methanol solution.
The stock solution was filtered using nylon 6 membrane
consisting of six multiple filter papers with a pore size of 0.45
𝜇m, degassed by ultrasonic treatment before use. Preparative
HPLC (gradient mode) was carried out using ODSC-18 silica
column (25 cm X 21.2 mm, 12 𝜇m). The mobile phase was
prepared using two solvent systems: solvent A: water (HPLC
GRADE) containing 1 % acetic acid; solvent B: acetonitrile
containing 1% acetic acid.Themobile phasewas filtered using
nylon 6 multiple filter membranes having a pore size of 0.45
𝜇m. The conditions for HPLC [0 min solvent B (5 %), 5 min
(8 %), 7 min (12 %), 12 min (18 %), 17 min (22%), 24 min (35
%), 26min (100%), 30min (100%), 32min (5%), 35min stop]
were set; constant flow rate was maintained at 5 mL/min.The
detector was set at 254 nm, and fractions were collected. The
fractions were made solvent free using a rotary evaporator,
freeze-dried and then resuspended in known amount of
phosphate buffer (50 mM, pH 6.8), and were analyzed for
percentage 𝛼-glucosidase inhibitory activity.

2.5.Thin Layer Chromatography (TLC) andHigh Performance
TLC (HPTLC). The purity of the HPLC purified active
fraction was tested by thin layer chromatography. Silica gel-
G was taken as stationary medium and coated over glass
slides. The mobile phase used was toluene:ethylacetate:acetic
acid (5:7:1, v/v) [17]. Deacylgymnemic acid (DAG) was used
as a standard. The purity of the active fraction was checked
by HPTLC. HPTLC system equipped with a Linomat IV
sample applicator, a twin-chamber tank, a model III TLC
scanner, and CATS 4.0 integration software was employed.
Aluminum-backed layers (10× 10 cm) of silica gelGF254were
used as absorbent. The mobile phase used was chloroform
and methanol (8:2, v/v). The spotted plates were developed
up to 80 mm under chamber saturation conditions. After air-
drying the solvent, the plates were scanned at 205 nm [18].

2.6. Characterization by FTIR, LC-MS, and NMR. The iso-
lated active fraction was characterized by spectroscopic
methods. FTIR (Bruker, USA) spectra were recorded in the
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range of 4000-400 cm−1 by blending samples with KBr. LC-
MS (Shimadzu, Japan) was used to detect the molecular
weights of the bioactive agents (s) detected in the active
fraction. The separation was carried out using C18 column
(150 x 4.6 mm ID, 5𝜇), column temperature maintained at
40∘C. Mobile phase consisted of methanol and water both
containing methanol and water (80:20) at a flow rate of 1
mL/min over 25minutes.The electrospray ionisationwas car-
ried out in both positive and negativemode. 1Hand 13CNMR
spectra were recorded in DMSO-d

6
on a Bruker Avance,

USA, 400 MHz spectrometer (Bruker, Karlsruhe, Germany).
Assignments of 13C signals were based on respective chemical
shift values.

2.7. 𝛼-Amylase Inhibitory Assay. This assay was carried out
using amodified procedure described in [19]. Briefly, a total of
100 𝜇L of different concentration of TG (250 ng–500 𝜇g /mL)
was placed in a tube and 100 𝜇L of 50 mM sodium phosphate
buffer (pH 6.8) containing 𝛼-amylase solution (1.5 mg/mL)
was added.This solutionwas preincubated at 25∘C for 20min,
after which 100 𝜇L of 1% soluble starch solution in 50 mM
sodium phosphate buffer (pH 6.8) was added and incubated
at 25∘C for 10 min. The reaction was stopped by adding
500 𝜇L of dinitrosalicylic acid (DNS) reagent followed by
incubation in boilingwater for 5min and then cooled to room
temperature. The resulting mixture was diluted with 5 mL
distilledwater and the absorbancewasmeasured at 540 nm.A
control was prepared using the same procedure replacing the
extract with distilled water.The 𝛼-amylase inhibitory activity
was calculated as percentage inhibition. Concentrations of
extracts resulting in 50% inhibition of enzyme activity (IC

50
)

were determined graphically.

2.8. Rat Intestinal 𝛼-Glucosidase Inhibitory Activity (Sucrase
and Maltase Inhibitory Activities). The assay was based on
the modified method described [20]. 100 mg of rat intestinal
acetone powder was dissolved in 3 mL of NaCl (0.9 %)
solution and centrifuged at 12,000 g for 30 min and used
for the assay. The enzyme solution (30 𝜇L) was incubated
with 40 𝜇L of sucrose (400 mM) for sucrase assay. Various
concentrations of the extract were taken and made up to
final volume of 100 𝜇l with 0.1 M phosphate buffer, pH 6.8.
The reaction mixture was incubated at 37∘C for 30 min. The
reaction was then stopped by suspending mixtures in boiling
water for 10 min. The concentrations of glucose released
from the reaction mixtures were determined by glucose
oxidase method with absorbance at a wavelength of 505 nm.
Concentrations of extracts resulting in 50% inhibition of
enzyme activity (IC

50
) were determined graphically.

Similarly, maltase assay was also carried out using the
same protocol except that sucrose was replaced with 10 𝜇L
maltose (86 mM).

2.9. Cell Culture. MIN6 cells were maintained under 5%
CO
2
, 37∘C in DMEM media supplemented with 10 % FBS,

2 mM L-glutamine, 100 U/mL of penicillin, and 0.1 mg/mL
streptomycin.

2.9.1. Cell Viability Assay. 3-4, 5-(Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay was based on

the protocol described [21]. MIN6 cells were seeded at a
density of 2 × 104 cells/well in 96-well plates for 24 h. Then
the cells were treated with various concentrations of TG and
EEGS (20–650 𝜇g) and incubated for 24 h. After the required
period of treatment, MTT solution [10 𝜇L; 5 mg/mL MTT in
phosphate-buffered saline (PBS)] was added with continued
incubation for 3 h. After that DMSO was added and again
incubated for 30 min in the dark. The cell viability was then
recorded at 570 nm.

2.9.2. Intracellular ROS. The quantification of the cellu-
lar antioxidant activity was determined according to the
method described in [22]. To measure ROS levels, 27-
dichlorodihydrofluorescein diacetate (DCFH-DA) was used.
The cells were seeded in a 96-well microtiter plate at a density
of 5 X104 cells/well. After 24 h, the cells were treated with 50
and 100𝜇g concentration of TG and EEGS and were further
incubated for 24 h at 5% CO

2
, 37∘C. Then 25 𝜇M DCFH-

DA was added, and incubation was continued further for 1
h. The intracellular oxidation of DCFH-DA in the wells was
measured using fluorescence microplate reader at excitation
(488 nm) and emission (525 nm).

2.9.3. Fluorescence Microscopy of MIN6 Cells. MIN6 cells
were seeded at a density of 1×105 cells/mL on poly-L-Lysine
coated cover slips in 6 well plates containing DMEM for 24
h. H
2
O
2
treated cells were used as control to show oxidative

stress. Subsequently, the cells were treated with 50 and 100
𝜇g concentrations of TG devoid of H

2
O
2
for 24 h. Cells

were stained by double dye method using acridine orange
(AO) and ethidium bromide (1:1). The images were then cap-
tured using a fluorescence microscope (Nikon, Tokyo, Japan)
[23].

2.9.4. Glucose Stimulated Insulin Secretion Assay. DMEM
(Serum-free) without glucose, supplemented with 2 mM L-
glutamine and 25 mMHEPES, pH 7.4, was used in this study.
Glucose solution was prepared at different concentrations (1,
3, 5, 8, and 25 mM) and incubated at 37∘C before use. MIN6
cells were seeded at a density of 1X106 in 96-well plates for
24 h. Subsequently, the cells were treated with 50 and 100 𝜇g
concentrations of TG. Prior to the insulin secretion assay, the
cells were starved in Krebs-Ringer solution containing 0.1%
bovine serum albumin (BSA) with 1 mM glucose for 1h, and
the wells were washed twice with the same buffer. The cells
were later incubated with Krebs-Ringer solution containing
3, 8, 15, and 25 mM glucose, 10 mM glibenclamide and 8
mM glucose, 30 mM KCl and 8 mM glucose for 1 h). Insulin
secreted into the medium was measured using an ELISA kit
[23].

2.9.5. Measurement of GLUT 2 Levels. The surface translo-
cation of GLUT2 was measured according to the protocols
described [24]. The cells were treated with TG at 50 and 100
𝜇g/mL for 24 h. After treatment, the target GLUT 2 level in
the cell lysate was measured using ELISA kit. The primary
antibody specific to the target protein GLUT2 was added
and allowed to bind to their target epitopes. The secondary
antibody tagged with HRP which was specific to the primary
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Figure 1: %𝛼-glucosidase inhibition and identification of the active fraction TG. (a) shows the%𝛼-glucosidase inhibition of the active fraction
III (TG) relative to the positive control acarbose (AC). Values are expressed asmean± SD. (b) represents the TLC pattern of the active fraction
triterpene glycoside (TG labelled as C) and the available commercial standard deacylgymnemic acid (DAC labelled as GA); (c) represents
the HPTLC pattern of triterpene glycoside (TG). The active fraction was checked for purity using TLC and HPTLC. TLC spot indicated the
presence of gymnemic acid and HPTLC displayed rf value of 0.56. (d) depicts FTIR spectrum of TG. The characteristic FTIR peaks of TG
with ester link 1710 cm-1 revealed presence of triterpene glycoside.

antibody was added, and the detection of GLUT2 was done
using TMB-H

2
O
2
substrate at 450 nm.

2.10. Statistical Analysis. Results were represented as mean ±
SD. Two-way ANOVA was employed to carry out statistical
analysis using GraphPad prism, version 5.0.The experiments
were conducted in triplicate. A confidence limit of p<0.05was
considered statistically significant.

3. Results

3.1. Extraction and Isolation of Bioactive Agents (s) from Gym-
nema sylvestre. Dried leaf powder of GS (Gymnema sylvestre)
was extracted using different solvents methanol, ethanol,
acetone, ethyl acetate, chloroform, and water. All the solvent
extracts were subjected to 𝛼-glucosidase inhibitory activity.
Ethanolic extract showed maximum inhibition of 97.2 %
(Table 1).This fraction was therefore chosen for further stud-
ies. The ethanolic extract of Gymnema sylvestre (EEGS) was
subjected to chromatographic fractionation using preparative
gradient HPLC system. The four peaks (fractions) obtained
were collected, made solvent free, and resuspended in known

Table 1: %𝛼-glucosidase inhibition for different solvent extracts of
GS.

Solvents %𝛼-glucosidase Inhibition
Methanol 52.2 ± 0.50
Ethanol 97.24 ± 0.24
Acetone 80.34 ± 0.63
Ethyl acetate 7.1 ± 0.05
Chloroform 75.24 ± 0.40
Water -
Known amount of GS powder was extracted using different solvent sys-
tems.The experiments were done in triplicate and average values were
determined. Values are expressed as mean± SD.

amount of phosphate buffer (50mM, pH 6.8). 𝛼-Glucosidase
inhibitory activity was assayed for all the collected fractions.
Fraction III showed the highest inhibitory activity of 53.3%
compared to standard acarbose (positive control) which
exhibited 26% inhibition against 𝛼-glucosidase (Figure 1(a)).
Theother fractions showed lesser inhibitory activities ranging
from 30 to 40% and hence fraction III was used for further
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(a)
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Figure 2: NMR spectrum of the active fraction TG. (a) 1H-NMR; (b) 13C-NMR.

studies. In the subsequent investigation, triterpene glycosides
were identified in the active fraction III, after evaluation
and characterization by TLC, HPTLC, FTIR, NMR, and LC-
MS. This triterpene glycoside active fraction was termed as
TG. The presence of gymnemic acid was indicated in TG by
TLC (Figure 1(b)), when spotted along with the commercial
standard deacylgymnemic acid (DAG). We also observed a
single peak when TG was subjected to HPTLC with rf value
0.56 (Figure 1(c)).

FTIR spectrum showed the presence of bands at wave-
lengths 3335, 2930, and 1710 cm−1 corresponding to OH,
CH, and C=O functional groups. The characteristic FTIR
peaks of TG with ester link 1710 cm−1 (Figure 1(d)) revealed
presence of typical gymnemic acid. To further elucidate the
structure, TG was subjected to NMR assignments (Figure 2).
Table 2 gives the details of NMR chemical shifts assigned for
TG.
1H NMR spectrum of TG was observed in DMSO–d

6

solvent. The characteristic protons were found in their
expected range (Figure 2). Further, the spectroscopic anal-
yses employing chemical carbon (13C) shifts assignments
(Table 2) were in good agreement with theMS negativemode
data (Figure 3(a)). The spectrum suggested the presence of

a tigloyl group at C-21 (Table 2) and acetyl group (172 ppm,
–C=O & 23 ppm –CH

3
) at C-28 suggesting Gymnemic acid

I. Saponins are classified as monodesmosides, with a single
saccharide chain generally linked to C-3 depending on the
number of sugars present. As usual, 77-76 ppm will appear
for gymnemic acids due to glycosylation shifts. But we found
70 ppm for C-3 triterpenoids in their free form (sapogenins)
indicating the presence of gymnemagenin. The presence of
this compound was again reconfirmed with MS data in
positive mode (Figure 3(b)). The sugar moiety was found
to be 3-O-𝛽-D-glucuronic acid (175ppm, –C=O). Moreover,
the pattern gave a peak at NMR sugar region (103 ppm),
and they appeared to consist of glucuronic acid alone and
no other types of sugar moieties were present. Comparison
in relative assignments revealed the presence of a mixture
of gymnemagenin and gymnemic acids I, IV and VII, and
they differ only in presence/absence of acetyl and tigloyl
groups, respectively. These results are in good agreement
with literature data with ± 1-2 ppm observed shifts which
might be due to complex interactions in the above mixture of
saponins in TG. Based on results obtained from 1H, 13C, and
FTIR analyses, the structure of TG was proposed as shown in
Figure 1(d).
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Table 2: 13C NMR spectral data for gymnemagenin and respective gymnemic acids (𝛿 in DMSO-d
6
).

Position Gymnemagenin (𝛿) Gymnemic acid I (𝛿) Gymnemic acid IV (𝛿) Gymnemic acid VII (𝛿)
C-1 38.6 ++ ++ 38.6
C-2 27.2 26.8 26.8 27.2
C-3 70.6 77.3 76.5 76.5
C-4 42.3 42.9 42.3 42.3
C-5 49.1 -- -- 49.1
C-6 17.7 17.6 17.6 17.7
C-7 32.2 -- -- 32.2
C-8 40.2 ++ ++ 40.2
C-9 46.7 46.6 46.6 46.7
C-10 36.2 ++ ++ 36.2
C-11 24.9 24.5 23.6 24.9
C-12 121.5 124.8 122.2 121.5
C-13 141.8 -- -- 141.8
C-14 41.9 -- -- 41.9
C-15 34.2 35.6 35.6 34.2
C-16 67.3 -- -- 67.3
C-17 46.0 46.0 46.4 46.0
C-18 42.0 -- -- 42.0
C-19 46.4 -- -- 46.4
C-20 34.2 36.0 36.0 34.2
C-21 77.0 78.4 78.4 77.0
C-22 73.7 72.5 72.5 73.7
C-23 70.6 62.3 62.3 70.6
C-24 13.4 14.6 14.4 13.4
C-25 16.2 16.3 16.3 16.2
C-26 17.0 17.1 17.1 17.0
C-27 27.2 27.3 27.3 27.2
C-28 60.0 63.0 60.0 60.0
C-29 31.8 29.5 29.2 31.8
C-30 19.7 21.6 21.2 19.7

Acetyl 1 - 172.6
Acetyl 2 – 22.5

Tigloyl 1’ - 170.9
Tigloyl 2’ - 129.7
Tigloyl 3’ - 139.1
Tigloyl 4’ - 14 .4
Tigloyl 5’ -12.6

3-0-𝛽-D-glucopyranosiduronic acid
C1 - 103.9
C2 - 74.0
C3 - 76.6
C4 - 72.4
C5 - 75.2
C6 - 175.9

++: overlapped signals; --: not assigned.
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Table 3: IC
50
values for porcine 𝛼-amylase, yeast 𝛼-glucosidase, and mammalian 𝛼-glucosidase inhibitory potential of TG.

Enzymes IC
50
values for TG (𝜇g/mL) IC

50
values for acarbose (𝜇g/mL)

𝛼-glucosidase (yeast source) 3.16 ± 0.05 6.14 ± 0.05
rat Intestinal 𝛼-glucosidase (sucrase) 74.07 ± 0.51∗ 44.30 ± 0.73∗

rat Intestinal 𝛼-glucosidase (maltase) 5.69 ± 0.02 0.059 ± 0.05
porcine 𝛼-amylase 1.17 ± 0.24 0.18 ± 0.02
At different concentrations of TG IC50 values for yeast 𝛼-glucosidase, sucrase, maltase, and porcine 𝛼 amylase were studied. Values are expressed as mean± SD
of three independent experiments made in duplicate.
∗Indicating the significant levels at p<0.05.

Gymnemic acid VII 
(666.849)

Gymnemic acid IV 
(764.950)

Gymnemic acid I 
(806.987)

(a)

Gymnemagenin
(506.72)

(b)

Figure 3: (a) LC chromatogram of TG, ESI -ve mode; (b) LC chromatogram of TG, ESI +ve mode.

In ESI -ve mode, the molecular weights were observed
to be 765, 665, and 805, respectively. This indicated that TG
contained gymnemic acids I (805), IV (665), and VII (765)
all of which have similar triterpene backbone but differ in
the positioning of functional groups. Under ESI +ve mode,
peaks corresponding to triterpene backbone were observed.
This indicated the presence of gymnemagenin, a triterpenoid
aglycone of gymnemic acid with a molecular weight of 507
(m/z) (Figures 3(a) and 3(b)).These results correlate very well
with the NMR patterns obtained.

3.2. Enzyme InhibitoryActivities. When subjected to different
concentrations of TG, the inhibition of 𝛼-glucosidase was
observed to be concentration dependent. This activity was
higher compared to acarbose at their respective similar con-
centrations (Table 3). TG showed 𝛼-glucosidase inhibitory

activity with an IC
50
value of 3.16 ± 0.05 𝜇g/mL. Similarly 𝛼-

amylase, sucrase, and maltase enzyme activities were inhib-
ited by TG (Table 3) with IC

50
values of 1.17 ± 0.24 𝜇g/mL,

74.07 ± 5.11 𝜇g/mL, and 5.69 ± 0.02 𝜇g/mL, respectively.

3.3. In Vitro Activity of TG Using MIN6 Cell (Pancreatic 𝛽-
Cell) Lines. To examine whether the ethanolic extract of
Gymnema sylvestre (EEGS) and its active fraction (TG)
induced any cytotoxic effects, MTT assay was performed.
When extracts were used at concentrations ranging from 20
to 650 𝜇g/mL, the viability retained up to 90% (p<0.05), even
at highest concentration studied (650 𝜇g) (Figure 4(a)). This
demonstrated the nontoxic effects of TG.

To further demonstrate that TG did not induce any
cytotoxic effects, MIN6 cells were treated with TG and
stained using differential stainingmethod usingAO andEtBr.
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Figure 4: Effects of TG on𝛽-cells viability. (a)MTTwas performed to study the cytotoxic effects of TG.MIN6 cells were treated with different
concentrations of TG and the cell viability was studied. (b) To study the ROS effect of GS extracts on MIN6 cells, treatment was carried out
at concentrations 20, 35, 50, and 100 𝜇g levels. H

2
O
2
was used as positive control. Fluorescent microscopy images showing the effect of TG

on MIN6 cells, where (c) shows positive control (hydrogen peroxide), (d) shows TG treated cells (50 𝜇g), and (e) shows TG treated cells
(100 𝜇g). Green regions indicate uptake of acridine orange, showing live 𝛽 cells. Orange-red color displays apoptosis/dead cells. All values
were represented as mean± SD. Experiments were performed in triplicate. Analysis was performed using two-way ANOVA. ∗Representing
significance at p<0.05.

AO/EtBr double staining combines the properties of two
dyes to determine the type of cell death. The micrographs
clearly indicate noncytotoxic nature of TG (50 and 100 𝜇g).
The cells appeared green, and there was no decrease in cell
number. H

2
O
2
(200 𝜇M) treated cells appeared orange-red,

and they were agglomerated indicating cell death due to
toxicity (Figures 4(c), 4(d), and 4(e)).

The influence of TG on the generation of reactive oxygen
species (ROS) was determined at 20, 35, 50, and 100 𝜇g/mL
concentrations. H

2
O
2
(200 𝜇M) treatment was used as

control. A normal control without any treatment was also
used. A significant reduction (p<0.05) in the formation of
ROS was observed compared to H

2
O
2
treated control at all

the concentrations studied (Figure 4(b)). But the increase

in sample concentration did not show any incremental
significance.

3.4. Insulin Secretion by 𝛽-Cells. The 𝛽-cells displayed dose-
dependent response in insulin secretion when stimulated
with increasing concentrations of glucose (3-25 mM) in the
presence of 50 and 100 𝜇g concentrations of TG. TG at 50 𝜇g
level displayed 1.0-fold increase (p<0.05) in insulin secretion
when cells were exposed to a lower concentration of glucose
(3mM and 8mM) compared to the control. The glucose
concentrations 5 and 25 mM were considered as normo-
glycemic and glucotoxic, respectively. But the cells incubated
with normoglycemic glucose levels showed a little rise in
insulin levels (1.34-fold, p<0.05). At glucotoxic conditions,
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Figure 5: Effect of TG on in vitro antidiabetic activity. (a) MIN6 cells were treated with TG at 50 and 100𝜇g concentrations. Deacylgymnemic
acid (DAG), an available commercial standard fromGS, and glibenclamide, a commercial drug used for diabetes treatment, were also used for
comparison. (b) represents effect of TG on enhancement of GLUT2 levels. Treatment with TG and standard DAG (from GS) was done at 50
and 100 𝜇g concentrations. All experiments were carried out in triplicate and results were represented as mean± SD. Analysis was performed
using two-way ANOVA. ∗Representing significance level at p<0.05. ∗∗∗Representing significance level at p<0.001.

the response was quite lower than that of normoglycemic
glucose levels yet significant compared to the control, respec-
tively, as illustrated in Figure 5(a) (1.16-fold, p<0.05). When
cells were treated with TG at 100 𝜇g at low concentrations
of glucose (3mM), there was 1.12-fold increase in insulin
level (p<0.05) compared to control. At normoglycemic and
glucotoxic glucose levels, the response of the cells was similar
to TG at 50 𝜇g level in insulin secretion as shown in the
Figure 5(a). The results obtained were comparable with the
positive controls (KCl and glibenclamide) used in this study.

3.5. Effect of TG on GLUT2. We examined the effect of
TG on GLUT2 by quantitative ELISA using anti-GLUT2
antibody tagged to HRP (Figure 5(b)). TG treated cells
demonstrated better increase in GLUT-2 levels at 50 and 100
𝜇g concentrations compared to commercial standard DAG
(deacylgymnemic acid). Preincubation of cells at 50 𝜇g of TG
showed a slight increase in GLUT2 levels (0.5 fold), yet it was
significant compared to control (p<0.01). When cells were
treated with TG at 100 𝜇g, a single fold increase in GLUT2
levels was observed when compared to control (p<0.001).

4. Discussion

Pancreatic 𝛼-amylase breaks down complex carbohydrates
into oligosaccharides and disaccharides. Further, the intesti-
nal 𝛼-glucosidases digest diet-derived oligosaccharides and
disaccharides into monosaccharides, mainly glucose. In
previous reports, the ethanolic extract of Gymnema mon-
tanum leaves demonstrated appreciable 𝛼-glucosidase and 𝛼-
amylase inhibitory activity comparable to that of acarbose,
a commercially available drug that inhibits 𝛼-glucosidase

to decrease postprandial hyperglycemia [25]. In the present
study, we have observed that isolated active fraction TG
inhibited the activity of pancreatic 𝛼-amylase, intestinal 𝛼-
glucosidases (sucrase and maltase), and yeast 𝛼-glucosidase
in a concentration-dependent manner as shown in the
Table 3. The inhibition effect was significant (p<0.05) against
intestinal 𝛼-glucosidase (sucrase) with an IC

50
value of

74.07 ± 0.51 𝜇g/mL relative to acarbose, which showed
IC
50

value of 44.30 ± 0.73 𝜇g/mL. We found promising
inhibition with IC

50
value for TG (3.16 ± 0.05 𝜇g/mL) against

yeast 𝛼-glucosidase compared to acarbose. Similar effects
were observed in vivo, where inhibition of 𝛼-glucosidase
and other intestinal enzymes such as maltase and sucrase
occurs in polysaccharides and oligosaccharides digestion
[26]. 𝛼-Amylase and 𝛼-glucosidase showed different inhibi-
tion patterns probably due to structural differences related
to the origins of the enzymes [27]. Gymnemic acid (GA)
isolated from GS not only inhibits glucose absorption in the
small intestine [27], but also suppresses hyperglycemia and
hyperinsulinemia in an oral glucose tolerance test [28]. The
efficiency of GA in inhibiting glucose absorption in the small
intestine was found to be increased by a combined effect
with acarbose and voglibose [28]. Thus we have attempted
to study antihyperglycemic effect induced by TG in vitro,
since it seems to be little more feasible than that in vivo. The
inhibition of these enzymes could be probably because of
the synergistic action of triterpene glycosides present in the
active fraction TG as substantiated by in vitro antidiabetic
studies. Bekzod Khakimov et al. (2016) [29] have shown in
their study the mass spectral fragmentation patterns of 49
saponin peaks, detected from plant originating from eight
different triterpenoid aglycones with different MW. Further,
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they have shown that continuously measured proton NMR
data during chromatography separation along with mass
spectrometry data revealed significant differences, including
contents of saponins, types of aglycones, and numbers of
sugar moieties attached to the aglycone. The review [30] has
also showed the results about the isolation and chemistry of
the triterpenoids and their physicochemical characterization
will be better studied using MS, FTIR, and NMR spectral
data.

Previous study showed that the aqueous extract of GS
decreased blood glucose levels in rats and humans, without
improving insulin sensitivity [31]. An insulin secretagogue
function was ascribed to GS following observations that its
administration led to elevations in serum insulin levels in
individuals with type 2 diabetes [32]. However, to identify
the mode of action for glucose-lowering agents, we have
carried out experiments in vitro for potential effects of GS
extracts to stimulate insulin secretion by direct action at 𝛽-
cells. Pretreatment with (50−100 𝜇g) of TG for 2 h triggered a
significant increase of glucose-induced insulin secretion in a
dose-dependentmanner.Thismay bemainly attributed to the
effect of TG on the insulin secretion enhancement capacity
of MIN6 cells. The ability of TG to further stimulate insulin
secretion at 15 mM glucose demonstrated that TG acts by
enhancing glucose metabolism within the 𝛽-cells. TG was
also an efficient amplifier of insulin secretion, thus assisting
in sustained amplification of insulin secretion at 15 and 25
mM glucose concentrations, respectively.The ability of TG to
stimulate insulin secretion at substimulatory glucose concen-
trationswas comparable to glibenclamide, a standard drug for
stimulating insulin secretion used in our study. GS has been
widely utilized in Indian medicine (Ayurveda) for the treat-
ment of diabetes and other disorders [33]. GS extracts contain
various biologically active compounds that exert antidiabetic
effects [34]. GS leaves contain numerous saponin compo-
nents, some of which may solubilize mammalian cell mem-
brane proteins in much the same way as digitonin, which was
used experimentally to permeabilize plasmamembranes [35].
Themajor saponins present in the isolated active fraction TG
showed the stimulatory effect on insulin release from MIN6
𝛽-cells at 50 and 100𝜇g, accompanied by 90-95% cell viability
as revealed by staining with 1:1 mixture of ethidium bromide
(EtBr) and acridine orange (AO). In one of the studies, novel
isolate of GS termed OSA (named after Om Santal Adivasi)
showed insulinotropic activities on 𝛽-cell lines and isolated
human islets in vitrohadbeneficial effects on glycemic control
in patients with type 2 diabetes [36]. OSA at around 0.25
mg/mL stimulated insulin secretion in vitro without adverse
effects on cell viability. Similarly, in our study, TG at 50𝜇g/mL
level stimulated insulin secretion in vitro without hostile
effects on cell viability. Even at 650 𝜇g/mL concentration
tested, 90 % of 𝛽-cells were viable. These investigations sug-
gested that membrane damaging components in TG or their
concentrations might be much lower. Differential staining
with ethidium bromide and acridine orange was an estab-
lished test of cell viability that paves the way for rapid visual
readout of compromised plasma membrane integrity. In this
study increased dye uptake of acridine orange to give green
fluorescence indicated the nontoxic effects of TG on 𝛽-cells.

The pancreatic islet includes the most vulnerable cells
for the attack after ROS generation in human as it has less
antioxidant enzymes as compared to other organs [8]. The
damage of pancreatic islet leads to decrease in insulin secre-
tion, resulting in hyperglycemic conditions and regeneration
of ROS. In vitro,GS alcoholic leaf extract showed antioxidant
ability by inhibiting 1,1-diphenyl-2-picrylhydrazyl (DPPH)
and scavenging superoxide and hydrogen peroxide [37]. In
the present study, H

2
O
2
was chosen as knownmodel biologi-

cal ROS. A significant reduction in the formation of ROS was
observed compared to control at all the concentrations of TG
studied.

Many medicinal plants are used in the traditional
medicine to enhance the translocation of GLUT, and this
could lead to a new approach for treating type 2 diabetes.
GLUT2 is a facilitative glucose transporter located in the
plasma membrane of pancreas, liver, intestinal, kidney cells,
and the hypothalamus areas [38]. Due to its high capacity
and low affinity, GLUT2 transports dietary sugars, glucose,
fructose, and galactose in a broad range of physiological
concentrations. GLUT2 has the highest capacity and the
lowest affinity for glucose, which allows glucose uptake in
the beta cells only when the glucose level is high and insulin
secretion is necessary [38]. According to literature, ethanolic
extract of Catharanthus roseus enhanced GLUT2 levels in
streptozotocin-induced diabetic Wistar rats. In our studies,
at 50 𝜇g concentration of TG, there was 0.5-fold increase
of GLUT2 compared to control. At 100𝜇g concentration, the
increase was 1-fold (p<0.05). In a similar previous study con-
ducted,methanolic leaf extract ofGymnema sylvestre (MLGS)
demonstrated a significant and dose-dependent increase in
glucose uptake in all the concentrations of MLGS studied
[39]. TG at 50 and 100 𝜇g elevated GLUT2 levels comparable
to standardDAG (deacylgymnemic acid). Renewal of glucose
transport induction would, therefore, enhance the uptake of
glucose and thus help to combat hyperglycemic conditions.

5. Conclusion

In conclusion, the present study exhibited an evidence that
isolated active fraction, triterpene glycoside, TG from Gym-
nema sylvestre, could inhibit the activity of pancreatic 𝛼-
amylase, 𝛼-glucosidase, sucrase, and maltase. Further, it was
shown to enhance the GLUT2 protein levels and ameliorate
impaired insulin secretion of MIN6 cells. However, the
underlying molecular mechanism remains to be understood.
The isolated and characterized active fraction, triterpene
glycoside (TG), gives insight into dietary antidiabetic benefits
by reducing antinutritional factors of saponins in Gymnema
sylvestre.
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the antidiabetic potential of Gymnema sylvestre. The active
fraction “TG” has been characterized and explored for its
antidiabetic effects. The active fraction TG showed inhi-
bition of the disaccharidase activity, owing to its glucose
control benefits. TG also improved insulin secretion and
glucose transporter protein levels in beta cells in vitro.
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Background. The effect of the daily consumption ofMorinda citrifolia (Noni) fruit juice on the physiological status of patients with
diabetes type 2 (DT2) was tested over a period of two months.Methods.Morinda citrifolia (Noni) fruit juice (NFJ), 2ml per kg bw
per day, was consumed by twenty patients with DT2 after they underwent a standard treatment regimen including carbohydrate
reduced diet and treatment with an antidiabetic drug and/or insulin. NFJ consumption started only after no further improvement
was achieved. The intake of NFJ was terminated after eight weeks. The fasting blood sugar level was monitored every morning
during the entire treatment period. Blood samples were taken before, at, and four and eight weeks after the start of NFJ intake.
The analysis of the blood samples included the concentration of blood glucose, HbA1c, C-peptide, hs-CRP, triglycerides, total
cholesterol, LDL, and HDL. Results. The consumption of NFJ by 20 patients with DT2 resulted in a significant mean decrease of the
morning blood sugar level monitored over a period of eight weeks. While NFJ reduced the blood glucose level in several but not all
hyperglycemic patients, it did not cause hypoglycemia in normoglycemic patients. NFJ consumption also reduced themeanHbA1c
value significantly (p= 0.033). Significant decreases (p= 0.01) were also achieved for high sensitive CRP values in patients starting
with high levels (>2mg/L), whereas no change was observed in patients with normal values (< 2mg/L). The level of C-peptide
showed a significant mean increase after four weeks of NFJ consumption in those patients who started with low levels (<3 𝜇g/l,
p=0.004, N=11) but not in patients with higher levels (> 3𝜇g/L). Conclusion. The daily consumption of NFJ has the potential to
regulate elevated blood sugar levels and some other pathological parameters in patients with DT2. NFJ therefore serves as a suitable
additive to the diet of diabetic patients.

1. Background

Diabetes type 2 (DT2) is a metabolic disorder characterized
by high blood glucose levels, insulin resistance, and a relative
lack of insulin.The global number of patients diagnosed with
DT2 has increased from 30 million in 1985 to 392 million in
2015 [1]. Obesity and lack of exercise significantly enhance the
risk of developing DT2, which shows a higher incidence in
industrial compared to underdeveloped countries [2]. DT2 is
associated with increased incidences of secondary diseases,
such as arteriosclerosis leading to strokes, ischemic heart

disease and lower limb amputations, reduction of glomerular
filtration and kidney failure, and retinopathy leading to
blindness [1, 3].

The primary goal of DT2 management is to reduce the
fasting blood sugar level to < 130mg/dl. Because of the high
uncertainty of the daily fasting blood glucose level, theHbA1c
value is preferentially used to characterize the glycemic
status of patients with diabetes [4]. This value represents the
percentage of glycosylated hemoglobin accumulated during
the previous 8-12 weeks and is less sensitive to deviations.
Healthy patients have values around 5%. A goal of the
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clinical diabetes management is to keep the HbA1c level
below 7%. This is facilitated by weight reduction, a diet
poor in carbohydrates, and regular exercise. Additionally,
antidiabetic drugs or insulin may be necessary to adjust the
blood glucose and HbA1c level. These drugs act on either
the intestinal glucose absorption, biliary gluconeogenesis,
insulin production and secretion, or the transcellular glucose
transport. Antidiabetic drugs have several side effects, like
gastrointestinal and metabolic disturbances, hypoglycemic
sensations, increased risk of cardiovascular disease, and
others [5].

Long before the availability of synthetic drugs, plants
and their products have been used to treat diabetes. Today
treatment of diabetes with phytomedicine is mostly used in
underdeveloped countries, where access to synthetic drugs
and insulin is limited, or in industrialized countries with
tradition in the use of alternative medicine, such as China
and India [6–10]. Although alternative treatment of diabetes
is rarely taught inmedical schools or practiced in hospitals, an
increasing number of patients in Europe, USA, and Canada
use nonprescribed remedies to treat their disease, mostly
in addition to the conventional therapy [11–14]. Although
hundreds of plants and plant products have been identi-
fied as useful in the treatment of diabetes in traditional
medicine, only a few have undergone systematic investigation
to demonstrate effectiveness [15]. Mechanisms of improving
insulin resistance, enhancement of 𝛽-cell function, suppres-
sion of appetite, stimulation of energy expenditure, and
regulation of lipid and carbohydrate metabolism have been
shown for some plant derived antidiabetic remedies mainly
from animal experiments [15–18]. Clinical trials to support
the findings obtained from animal experiments are rare.

The fruits and leaves of the tropical plant Morinda
citrifolia L. (Noni) have been used as a food and medicine
by indigenous people of South East Asia and the Polynesian
Triangle for hundreds of years. Noni was one of the most
important medicinal plants for Polynesian people, who used
it for multiple reasons, among which was also the treatment
of diabetes [19, 20]. In the last twenty years, Noni fruit juice
(NFJ) became popular worldwide as a wellness drink with
the European Union authorizing the sale of NFJ in 2003
under the Novel Food Regulation [21]. Although among
the benefits reported by consumers an improvement in the
management of diabetes is included [22], systematic clinical
trials to support the consumer testimonies are lacking. Our
knowledge about the antidiabetic activity of extracts of Noni
fruits and leaves comes from investigations in animal and
tissue culture models for diabetes, which demonstrated an
insulin-like enhancement of glucose uptake in fat andmuscle
cells [23].

The present clinical investigation was performed to
demonstrate a possible antidiabetic action of NFJ in patients
with DT2.

2. Methods

2.1. Patients. Twenty patients of the Endocrinological
Department of the University Clinic Hamburg-Eppendorf

diagnosed with DT2 participated in the investigation. Age,
gender, fasting blood glucose level, HbA1c-value at the
start of the observation period, and medication are listed in
Table 1. All patients had undergone a standard management
program for their condition independently from the study
in order to optimize their glycemic status, before entering
the study. This included adaptation of the diet, physical
exercise, and medication where necessary. Patients were
given the opportunity to participate in the investigation
after no further improvement by the standard treatment was
achieved. Patients with a poor overall health status or those
with doubt about compliance were not selected to participate
in the study.

2.2. Intake ofNFJ andCollection ofData. NFJ is an authorized
novel food in the European Union that confirmed that its
consumption is not associated with a health risk. The clinical
management of the patients attending the study did not differ
from the regular schedule of patients with diabetes in the
facility, which excluded any additional risk caused by the
participation in the study. The data taken were a normal
part of the clinical management of patients with diabetes.
A special authorization by an ethical committee was not
needed, because the law of the State of Hamburg, Germany,
allows the use of anonymized data of patients for research
purposes [24]. Nevertheless, the protocol strictly followed
the principles laid down in the declaration of Helsinki [25].
All patients involved in the study were informed about the
scientific background of the study, the procedure of collecting
data, the anonymization, and the use of the data. A written
agreement of the patients was obtained prior to participation.

NFJ (Tahitian Noni� Juice) was kindly provided by
the Company Morinda Inc., Provo, Utah, USA. The juice
consisted of 89% fermented Noni fruit puree harvested in
French Polynesia, blended with 11% of blueberry and red
grape juice, to mask the unpleasant taste of the Noni fruits.
Patients were asked to drink 2ml NFJ/kg bw per day over
a period of eight weeks. Blood samples were taken before
and four and eight weeks after the start of NFJ consumption.
The blood was analyzed by a routine screening protocol
used in the facility for 67 different parameters like blood
cells, electrolytes, liver and kidney parameters, hormones,
and others (e.g., HbA1c, ferritin, and interleukins). Fasting
blood glucose levels were monitored by the patients daily or
every second day during the period of the NFJ consumption.

2.3. Statistical Analysis. All calculations of means and stan-
dard deviations, p values, and linear regression curves were
performed by using the OriginPro� 9.1 Data Analysis and
Graphing Software of Origin Lab� Corporation, Northamp-
ton, MA, USA, as well as Microsoft Excel�, 2010. p values of
changes in HbA1c, C-peptide, and hs-CRP blood levels were
calculated from paired t-test (values of day 0 against values
after four or eight weeks). The p value of the slope of linear
regression curves of fasting blood sugar values of patients
between days 1 and 50 of the intake of NFJ was calculated by
the one sample t-test.
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Table 1: Basic data of patients, participating in the study.

No. of patients Age (years) Gender
Initial blood
Glucose level

(mg/dl)

Initial HbA1c-
blood level

(%)
Medicationa

1 52 F 96 6,3 MF
2 64 M 190 6,0 MF
3 29 M 164 6,9 MF, DPI, IN
4 66 M 100 6,4 MF, DPI
5 62 F 119 6,7
6 62 F 134 6,5
7 69 F 138 7,6
8 61 M 136 7,6 MET, GLP
9 65 M 118 6,3 MET
10 72 M 178 7,0 IN
11 67 M 170 7,1 MET, IN
12 52 M 193 7,1 GLP, IN
13 60 M 179 7,2 IN
14 57 M 135 7,3 MET
15 49 F 158 6,5 DPI, IN
16 43 M 134 6,9 MET
17 77 M 147 7,4 MET
18 60 M 141 6,3 MET
19 62 F 94 5,8 MET
20 69 M 186 7,2 MET, GLP, IN
aMET = metformin; DPI= DPP4-inhibitor, GLP1= receptor antagonist; IN= insulin

Patient 5Patient 20

slope = - 1.04
p = 6.7x10-13
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Figure 1: Fasting blood sugar level of two patients during 50 days of NFJ intake (2ml/kg bw per day). p value for patient 20 was calculated
from t-test of the linear regression coefficient.

3. Results

Fasting blood sugar profiles monitored over the entire period
of NFJ consumption were available for 19 out of 20 patients.
One patient (no. 16) reported only a limited number of
blood sugar values and was excluded from the calculation. As
expected, the daily blood sugar values showed considerable
variation, which made statistical calculations difficult. Linear

regression curves were therefore calculated for each individ-
ual blood sugar profile between the start and termination of
the NFJ consumption. Two examples are shown in Figure 1.
Patient 20 experienced a continual decrease of his fasting
blood sugar value after the start of the NFJ consumption of
about 50mg/dl although the triple medication before was not
able to reduce the blood sugar level below approx. 180mg/dl.
In contrast, patient 5 did not respond at all. The results of all
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Figure 2: Changes in C-peptide blood level after four and eight
weeks of NFJ consumption (2ml/kg bw and day). p values were
calculated from paired t-test (values at start against values after 4
or 8 weeks).

patients are shown in Table 2.The “intersection with ordinate”
at day zero and day 50 represents the values of the blood sugar
levels at the beginning and termination of the NFJ consump-
tion, extrapolated from the linear regression of the blood
sugar curves. This procedure reduces the spontaneous daily
deviations in the blood sugar level. Negative slopes of the
linear regression curves of the blood sugar level, indicating
a decrease after NFJ consumption, were observed in 14 out
of 20 patients. The mean and SD of the initial blood sugar
value calculated from the regression curves were 139±23.The
corresponding values for the final blood sugar values were
125±22mg/dl. A paired t-test performed with the individual
differences between the initial and final blood sugar values
revealed a significant result with a p value of 0.0024. The
mean and SD of the slopes of the linear regression of the
blood sugar curves of the patients were -0.28 ± 0.34mg/dl
per day with a p value of 0.002, calculated from a one sample
t-test. HbA1c levels of the patients under consideration at
the start of the NFJ intake are shown in Table 3. All patients
underwent a diabetes management program prior to the start
of NFJ intake which resulted in HbA1c levels in the range
of 5.8–7.9% for those recruited in the study. A significant
reduction (p= 0.033) of the mean HbA1c-value of 0.27±0.5%
was achieved after 8 weeks of NFJ consumption on top of the
routine clinical diabetes management of the patients.

The blood concentration of C-peptide is used as an
indicator of the ability of pancreatic beta-cells to excrete
insulin. C-peptide is liberated during transformation of
proinsulin to insulin and excreted together with insulin
in equimolar amounts. Its concentration is considerably
more stable in blood compared to insulin, which makes
it a preferable parameter for monitoring insulin secretion.
Data of C-peptide blood concentrations were available for 18

patients. Because consumption of carbohydrates will cause an
elevation of the C-peptide level lasting up to two hours, all
patients agreed not to eat for two hours prior to the blood
collection. Eleven out of 18 patients had normal or reduced
ranges of C-peptide between 0.7 and 3.0 𝜇g/L at the start of
the NFJ consumption. Seven patients had elevated levels of
3.1-7.2 𝜇g/L. Of the 11 patients with normal or reduced ranges
of C-peptide, 10 showed an increase and six of the seven
patients with elevated levels > 3 𝜇g/L showed a decrease after
four weeks of NFJ consumption. Considering all patients,
the mean increase after four and eight weeks was 0.35 ±
1.26 (p=0.25) and 0.33 ± 1.99 (p=0.49) 𝜇g/L, respectively,
and thus not significant. Different results were achieved if
the patients are split into groups with normal or reduced
C-peptide levels (0.7 – 3.0 𝜇g/L) and those with elevated
levels (3.1–7.2 𝜇g/L).The results are demonstrated in Figure 2.
Significant increases were obtained at normal or reduced C-
peptide range between 0.7 and 3.0 𝜇g/L (p= 0.0036) after four
weeks of NFJ consumption. Although the absolute values
of the increases in C-peptide levels are greater after eight
compared to four weeks, the statistical significance is lower
because of an increased variation within this group. DT2
is associated with an elevated risk of complications in the
cardiac circulatory system. Control of the blood lipid values
is therefore an important part of the clinical management of
the disease. We therefore analyzed the blood concentrations
of triglycerides and total cholesterol as well as HDL and
LDL concentrations during the observation period. The level
of triglycerides of the patients before the intake of NFJ
showed considerable variation (254 ± 172mg/dl). The lowest
concentration (patient 3) was 60 and the highest (patient
14) was 580mg/dl. Eleven out of 20 patients had values >
200mg/dl. Independently of the starting level, some patients
showed an increase and others a decrease of the triglyceride
blood level after four and eight weeks of NFJ consumption. A
clear trend was not observable.

Five out of 19 patients had total cholesterol levels
>200mg/dl at the start of the NFJ consumption. After eight
weeks the mean blood level of these patients was reduced
from 258 ± 50mg/dl to 248 ± 43mg/dl (p= 0.07).

Calculations of statistics for LDL-levels interfered with
high triglyceride levels. There were ten triglyceride levels >
400mg/dl in five patients, which did not allow estimation
of LDL-levels. Another six vales were between 300 and
400mg/dl, making the estimated LDL values questionable.
Because of the reduced available LDL blood levels, no
statistical calculation was performed.

The mean of HDL-levels of the patients at the start of
the NFJ intake was 41.0 ± 10.6mg/dl. The corresponding
values after four and eight weeks of NFJ intake were 42.3 ±
10.3mg/dl and 41.75mg/dl, respectively.The differences were
not statistically significant.

The blood level of high sensitive C-reactive protein (hs-
CRP) is used as a marker for the risk of complications arising
from CVD, like heart attack, strokes, and others. There was a
consensus that values > 5mg/L indicate a high risk; however,
more recent studies suggest that thismight be the case already
with levels > 2mg/L [26]. hs-CRP levels were available for 18
out of 20 patients. Of these, four had values> 5 (5.2–6.7)mg/L
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Table 2: Linear regression data of fasting blood sugar values of patients between days 1 and 50 of the intake of NFJ (2ml/kg bw per day).

No. of patients
Intersection with
Ordinate at day 0

(mg/dl)

Intersection with
Ordinate at day 50

(mg/dl)

Slope
(mg/dl and day)

1 103 105 0.032
2 147 160 0.26
3 133 115 -0.36
4 138 116 -0.45
5 141 142 0.014
6 114 101 -0.26
7 122 130 0.15
8 141 126 -0.30
9 125 120 -0.11
10 181 151 -0.61
11 170 164 -0.12
12 162 155 -0.14
13 154 128 -0.52
14 114 106 -0.17
15 136 90 -0.76
17 142 143 0.012
18 145 107 -0.77
19 100 90 -0.21
20 178 126 -1.04
Mean ± SD 139 ± 23 125 ± 22 -0.28 ±0.34
p-value 0.0024a 0.002b
aCalculated from paired t-test (values of day 0 against values of day 50).
bCalculated from one sample t-test.

and eleven had values> 2 (2.5–6.7)mg/L.The development of
the hs-CRP values during the consumption period of NFJ is
shown in Figure 3. No significant changes of the mean values
after eight weeks of NFJ consumption are seen, if all patients
are included in the calculation; however, if only patients with
values > 2mg/L are considered, a highly significant decrease
occurs after eight weeks (p=0.01).

4. Discussion

DT2 is one of the greatest health threats in modern societies,
potentially leading to morbidity and early death. The disease
is closely related to excess nutrition and lack of physical
exercise. Consequently, control of nutrition and enhance-
ment of physical exercise are primarymechanisms of diabetes
management; however these actions are not sufficient in
many cases, especially for those in advanced stages of the
disease. Most patients with DT2 receive additionally an
oral medication and/or injection of insulin [27]. A variety
of synthetic drugs with hypoglycemic activities are used.
The drug categories include sulfonylureas, biguanides, alpha-
glucosidase inhibitors, thiazolidinediones, and meglitinides.
Their mechanisms of action involve the enhancement of
insulin secretion, the improvement of insulin sensitivity in
muscle and liver cells, the inhibition of hepatic glucose
formation, enhancement of muscle glucose uptake, and the

inhibition of carbohydrate digestion [15]. Each of the different
mechanisms has its own side effects, which can be mild, such
as gastrointestinal disturbances, or severe, such as liver and
kidney toxicity.

Phytotherapy is an alternative to the treatment of diabetes
with synthetic drugs, mainly used in countries like China
and India; however, its acceptance in Europe and North
America is increasing. Although several hundred plants have
been reported to be useful in the treatment of diabetes, in
most cases a systematic scientific evaluation of their effects
is lacking [15]. Further investigation of traditional medicinal
herbs useful in diabetes treatment is recommended by the
WHO Expert Committee on diabetes [13].

Similar to synthetic drugs, plants with hypoglycemic
properties act also via different mechanisms, among which
are the inhibition of carbohydrate digestion and glucose
absorption, enhancement of glucose uptake into liver and
muscle cells via upregulation of glucose transporters, regula-
tion of fatty acid, carbohydrate, and glucose metabolism via
activation of nuclear receptor PPAR-𝛾, and insulinomimetic
and insulinotropic effects [19]. Most of the plants used
for the treatment of DT2 do not have the side effects of
synthetic drugs.Moreover, antidiabetic phytomedicines often
have additional activities, which are directed against the
long term collateral damage caused by DT2 [15]. This is
possible, because plants and herbal extracts contain a variety
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Figure 3: hs-CRP values of patients at the start and after consump-
tion of NFJ (2ml/kg BW per day). p values were calculated from
paired t-test (p values at start against values after 4 or 8 weeks).

of compounds with antioxidative, anti-inflammatory, wound
healing, antimicrobial, and hormone regulating properties,
which act on the complex clinical symptoms associated with
diabetes mellitus.

Noni plants have been used by indigenous Polynesian
people for the treatment of diabetes for hundreds of years
[20, 21]. After 1996, NFJ became very popular as a wellness
drink worldwide, but also for relief of inflammatory pain, to
improve the immune defense system and physical endurance
and also to lower the blood glucose level and adverse symp-
toms associated with diabetes [23]. Our knowledge about the
antidiabetic activity of NFJ comes mainly from preclinical
investigations [28–31]. Nayak et al. [28] have shown that a
NFJ dose of 2ml/kg bw twice a day decreased the fasting
blood glucose level in streptozotocin induced diabetic rats
to 150mg/dl compared to 300mg/dl in controls. A marked
decrease of the blood glucose and HbA1c levels was also
observed in diabetic mice fed with fermented Noni fruit
juice [30]. The authors of this study also demonstrated that
fermented NFJ stimulated the glucose uptake into cultured
C2C12 cells via stimulation of AMP-activated protein kinase.

In our clinical study, 20 patients consumed 2ml/kg bw
of NFJ once a day. In contrast to the rat experiment, NFJ
was taken by the patients additionally to the standard therapy
including adaptation of the diet, enforcement of physical
exercise, and application of antidiabetic drugs. Nevertheless,
significant decreases of the blood glucose levels and HbA1c
were observed. Patient 20, who received a triple medication
with metformin, insulin, and a GLP1-receptor antagonist,
experienced an additional decrease of the blood sugar level
of about 50mg/dl during the intake of NFJ. The mean and
SD of the slopes of the blood sugar curves of the patients
between start and termination ofNFJ consumption after eight
weeks were -0.28 ± 0.34mg/dl per day with a p value of
0.002.Thus, the decrease of the blood sugar values was highly

Table 3: Changes in theHbA1c (% ) blood level of patients withDT2
during 50 days of NFJ intake (2ml/kg bw per day).

No. of
patients at start after 4

weeks
after 8
weeks

1 6.2 6.1 5.6
2 6.4 6.6 6.6
3 6.9 6.5 6.3
4 6.4 6.7 6.6
5 6.6 6.6 6.3
6 6.9 5.9 5.6
7 6.9 6.5 6.8
8 7.6 7.0 6.6
9 5.4 5.6 5.6
10 7.0 7.2 6.7
11 7.9 8.0 8.3
12 7.2 7.6 7.3
13 7.2 7.4 6.9
14 7.3 6.9 6.9
15 6.5 5.9 5.9
16 6.9 6.9 7.4
17 7.4 7.3 7.3
18 6.3 6.5 6.5
19 5.5 5.4 no data
20 7.2 6.7 6.3
Mean
(range)

6.80
(5.5-7.9)

6.67
(5.4-8.0)

6.61
(5.6-8.3)

SD 0.64 0.67 0.69
p-value 0.17a 0.044b
aCalculated from paired t-test (values at start against values after 4 weeks;
N=20).
bCalculated from paired t-test (values at start against values after 8 weeks;
N=19).

significant. This was also confirmed by the comparison of
the HbA1c values between start and termination of the NFJ
consumption. A mean decrease of 0.2 ± 0.7% was achieved
after eight weeks (p value = 0.03). Although this decrease
was only small, it should be noted that it is significant and
on top of a standard management of diabetes. Moreover, the
observation time of eight weeks is the minimum duration
for changes of the HbA1c-value to be detectable. Thus, the
clinical data from the present investigation are in line with
the experimental data obtained previously with laboratory
animals.

Mechanistic experiments regarding the hypoglycemic
effects of NFJ have been performed in animals andwith tissue
culture [28–31]. Such results demonstrated that NFJ exerts
an insulin mimetic activity. Applied together with insulin,
NFJ synergistically improved the hypoglycemic effect of
insulin in alloxan-induced diabetic rats [31]. Insulin mimetic
effects of NFJ were also demonstrated in 3T3-L1 adipocytes;
however, no synergistic activity with insulin was observed
[30]. Activation ofAMP-kinase (AMPK) via phosphorylation
leads to an increased uptake of glucose in adipocytes and
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muscle cells [32]. Lee et al. [30] demonstrated that fermented
NFJ increased the phosphorylation of AMPK in C2C12-
derived myotubes in culture in a dose dependent manner.
Furthermore, the authors showed that NFJ also enhanced the
activity of PPAR-𝛾, a transcription factor that regulates gene
expression in the liver, adipose tissue, vascular endothelium,
and muscle. Activation of PPAR-𝛾 increases the expression
of the glucose transporter GLUT-4 and its translocation into
the cell membrane of adipocytes [33]. It also decreases the
output of glucose from liver cells [34]. It is therefore likely
that the improvement of the glucose homeostasis observed
in our study with DT2 patients is at least partly attributed to
an increase of an insulin-independent uptake of glucose into
energy storage cells and a decrease of the output from liver
cells. Our finding that the C-peptide secretion is increased
after consumption of NFJ in patients with a low blood level
(< 3 𝜇g/L) but not in patients with higher levels (3-7𝜇g/L)
additionally indicates that NFJ may also be able to restore the
feedback of the glucose blood level on the insulin synthesis in
and/or secretion from pancreatic 𝛽-cells. Thus, patients with
DT2 may benefit from two different mechanisms of NFJ, one
of which is directed to the glucose storage cells and the other
to insulin supply.

Diabetes is associated with a variety of secondary con-
sequences, which increase the morbidity and reduce the life
expectancy. Most critical ones are micro- and macrovascular
damage, leading to ischemic heart disease, stroke, kidney
failure, blindness, and lower limp amputations [1]. Distur-
bances of the lipid metabolism with elevated cholesterol
levels and inflammatory processes are involved in the damage
of vascular tissue [33]. Synthetic drugs used for the treat-
ment of DT2 reduce the blood sugar level; however, they
have no or little influence on the complications associated
with the disease. Plant derived preparations are complex in
composition and often contain compounds with multiple
benefits for patients with diabetes [6, 10, 16, 17, 19, 20].
This is also the case for NFJ, which is known to stabilize
and restore the homeostasis. Epidemiological surveys among
consumers have shown that regular consumption of NFJ is
able to enhance the energy and physical endurance, improve
inflammatory pain in joints and back, and strengthen the
immune system [23, 35]. A double-blind placebo controlled
clinical trial among heavy smokers has shown that NFJ
is able to reduce the cholesterol level significantly [36].
A differential analysis of the serum lipid fraction made
in this trial showed a decrease of triglycerides and LDL
and an increase of HDL. An improvement of the blood
cholesterol status of patients with DT2 was also observed
in our study. A small nonsignificant reduction of 3 and
4mg/dl total cholesterol was observed after four and eight
weeks of NFJ consumption, respectively. If only patients with
elevated cholesterol levels (> 200mg/dl) were considered
(N=5) the reduction after four and eight weeks was 15
and 17mg/dl. Statistical calculations of LDL-levels were not
possible, because several patients had triglyceride levels of >
400mg/dl, whichmademonitoring of the LDL-levels difficult
or impossible. Triglyceride levels of patients were reduced by
NFJ intake in some cases and elevated in others. A clear trend
was not observable.

Inflammatory processes are involved in obesity and DT2.
Reduction of inflammation markers, such as cytokines (IL6,
TNF-𝛼) and CRP may lead to an improvement of glycaemia
and cardiovascular prognosis [37]. One of themost beneficial
properties of NFJ is its anti-inflammatory activity, which has
been proven in epidemiological investigations [23, 35] and
preclinical studies in tissue culture [38] and animal models
[39, 40]. Recently we observed anti-inflammatory effects
in dentistry patients with gingivitis after mouth wash with
NFJ followed by swallowing [41]. In the present study we
investigated the effect of NFJ on the inflammation marker
hs-CRP of patients with DT2. Eleven out of 19 patients had
elevated blood levels > 2mg/L. After eight weeks, the mean
hs-CRP values of these patients were reduced from 4.5 ± 1.5
to 3.1 ± 1.9mg/L. This change was highly significant (p =
0.01).

NFJ contains numerous compounds with beneficial
health effects. Among these are flavonoids (quercetin,
kaempferol), coumarins (scopoletin), iridoids (deacetylaspe-
rulosidic acid, asperulosidic acid, and asperuloside), and
others [42–45], which have been demonstrated to exert
antioxidative and anti-inflammatory properties [46–49]. Spe-
cial attention has been given to the iridoid fraction in
NFJ because of the biological activity profile of this group
of compounds [50]. The most abundant iridoid in NFJ is
deacetylasperulosidic acid (DAA) [45]. This compound has
been shown to exert antioxidative and anti-inflammatory
properties in rats [51]. Monotropein, an iridoid which is
closely structurally related to DAA, also showed antinoci-
ceptive and anti-inflammatory activity in rats [52]. We have
recently demonstrated that DAA is absorbed and excreted
unchanged after oral application to mice [53]. This find-
ing was unexpected because DAA is an iridoid glucoside,
which is expected to be hydrolyzed by intestinal and/or
liver glucosidases. Plants synthesize iridoid glycosides for
defense purposes against herbivorous predators [54]. The
aglycones released after hydrolysis are highly reactive and
bind to bioactive functional proteins of the intestinal wall
and liver, which are inactivated. The lack of sensitivity of
murine (and other mammalian) glucosidases towards DAA
is most probably an evolutionary adaptation of the animals
to bypass the toxicity of DAA and similar compounds. We
also found that some other iridoids, structurally related
to DAA (monotropein, geniposidic acid, and asperulosidic
acid), appeared unchanged in the urine after oral application
to mice (unpublished results). The systemic appearance of
iridoid glycosides, which are bitter in taste, could nevertheless
be recognized as potential toxic via bitter taste receptors [55].
Such receptors (i.e., T2Rs) are distributed in several organs
and initiate a cascade of defense mechanisms in order to
combat with the impact of the expected toxicity [56]. T2R16
has been demonstrated to be sensitive to𝛽-glucopyranosides,
the chemical group to which DAA and other iridoids belong
[57]. Properties of iridoids, such as an enhancement of the
antioxidative potential, decrease of inflammatory processes,
pain perception, and metabolic effects, could be interpreted
as an adaptogenic response to potential toxic compounds
with bitter taste. T2Rs present in some gastrointestinal cells
have been shown to secrete the peptide hormones ghrelin and
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glucagon-like peptide-1 (GLP-1) in response to stimulation by
bitter tasting compounds [56]. GLP-1 stimulates the excretion
of insulin in response to an increase of the blood glucose level
[58]. This mechanism could also be involved in the observed
effects of NFJ on the blood glucose level of patients with
DT2 involved in our study. The fact that some of the patients
showed a response of the blood glucose level after NFJ con-
sumption, while others did not, is possibly due to individual
differences in the expression of extraoral bitter taste receptors,
which show an extensive polymorphism within the human
population [59]. The widespread distribution of iridoids in
plants used as food and spices could open new strategies in
the treatment of diabetes and other diseases; however, the
validity of this hypothesis has to be confirmed by further
investigations.

5. Conclusion

The present pilot study showed that the consumption of
2ml/kg bw of NFJ over a period of eight weeks caused a
significant decrease in fasting blood glucose levels andHbA1c
values in twenty patients with diabetes type 2. All patients
had followed a standard diabetes treatment schedule before
recruitment and during the study.The NFJ consumption also
increased the insulin excretion (monitored via C-peptide),
improved the blood cholesterol status, and reduced the
inflammation parameter hs-CRP.The study showed that NFJ
can serve as a suitable addition to the diet of patients with
diabetes type 2. Further trials with an increased number of
participants are warranted to confirm the findings of the
present study.
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Tangzhiqing tablet (TZQ) is derived from Tangzhiqing formula, which has been used to regulate glucose and lipid metabolism in
China for hundreds of years. However, as a new Chinese patent medicine, its clinical indication is not clear. To explore the clinical
indication and effect on the patients with type 2 diabetesmellitus (T2DM), a pilot clinical trial andmetabolomics study were carried
out. In the clinical study, T2DM patients were divided into three groups and treated with TZQ, placebo, or acarbose for 12 weeks,
respectively. The metabolomic study based on UPLC Q-TOF MS was performed including patients with hypertriglyceridemia in
TZQ and placebo groups and healthy volunteers. The clinical results showed that TZQ could reduce glycosylated hemoglobin
(HbA1c) and fasting insulin. For patients with hypertriglyceridemia in TZQ group, the levels of HbA1c all decreased and were
correlated with the baseline level of triglyceride. Metabonomics data showed a significant difference between patients and healthy
volunteers, and 17 biomarkers were identified. After 12-week treatment with TZQ, 11 biomarkers decreased significantly (p<0.05),
suggesting that TZQ could improve the metabolomic abnormalities in these participants. In conclusion, the clinical indication of
TZQ was T2DM with hypertriglyceridemia, and its target was related to glycerophospholipid metabolism.

1. Introduction

Diabetes is a global health concern causing increasing
morbidity, mortality, and social and economic burdens
annually. According to the newly released Diabetes Atlas
from the International Diabetes Federation (IDF), a total
of 425 million adults had diabetes globally in 2017, and
the number is expected to rise to 642 million by 2040
(www.diabetesatlas.org). During the past few years, the num-
ber of people with diabetes, especially type 2 diabetes mel-
litus (T2DM), is growing rapidly worldwide. Hypertriglyc-
eridemia, which is tightly relevant to unhealthy lifestyle, is

a common comorbidity in diabetes. Epidemiological stud-
ies in Asia and Europe found that hypertriglyceridemia is
commonly associated with diabetes [1, 2]. Both of these
two symbiotic disorders are recognized as independent risk
factors for cardiovascular disease [3].

Traditional Chinese Medicine (TCM) has a long history
in treating diabetes and hypertriglyceridemia, because of
early intervention, multiple targets, and treatment based
on syndrome differentiation. TCM can significantly retard
diseases progression and improve quality of life. Tangzhiqing
tablet (TZQ) is a Chinese patent medicine derived from
Tangzhiqing formula which consists of five herbs, Paeonia
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lactiflora Pall., root, Morus alba L., leaf, Nelumbo nucifera
Gaertn., leaf, Salvia miltiorrhiza bge., roots, and Crataegus
pinnatifida bge., leaf [4]. The preclinical studies have shown
that TZQ could significantly regulate the abnormal glucose
and lipid levels in genetic type 2 diabetic KK-Ay mice [5–
8] and high-carbohydrate/high-fat diet rats [9]. These effects
are related to glucose and lipid absorption inhibition and
free radical scavenging. The effects on glucose and lipid
homeostasis are mediated through regulating adipocyte dif-
ferentiation and insulin action by AMPK signaling pathway
and PI3K/AKT signaling pathway [5–9]. Besides, TZQ can
improve glucosemetabolismby reducing𝛼-glycosidase activ-
ity [5].

Metabolomics is used to evaluate the characteristics
and interactions of low molecular weight metabolites under
a specific set of conditions. It is a powerful analytical
strategy to identify the metabolites in vivo and clarify
metabolic pathways. Especially for metabolic disease, such as
T2DM, metabolomics offers an opportunity to test multiple
metabolic markers in large settings. Wang et al. found five
branched-chain and aromatic amino acids had highly sig-
nificant associations with future diabetes by the prospective
Framingham Heart Study (FHS) using a 12-year follow-
up [10]. Lu et al. found three branched-chain amino acids
and four nonesterified fatty acids (NEFA) were potent
predictors of diabetes development in Chinese adults [11].
Other metabolites, including phospholipids [11–14], acyl-
carnitines [12, 13], amino acids [11–15], triglycerides [16], and
small molecular weight compounds [11, 12, 14–16] have been
defined as biomarkers for predicting T2DM, covering the
glucose and phospholipid metabolism.

As a new Chinese patent medicine, the clinical indication
of TZQ is still undefined, and the regulating effect on patients
is not clear yet. In this study, we carried out a pilot clinical trial
on T2DM patients to tentatively evaluate the clinical efficacy
and determine clinical indication of TZQ. Moreover, the
metabolomics strategy based on the ultraperformance liquid
chromatography combined with quadrupole time-of-flight
tandem mass spectrometry (UPLC Q-TOF MS) method
combining with pattern recognition techniques was per-
formed to investigate the changes in endogenous metabolites
in serum between T2DM patients with hypertriglyceridemia
and healthy volunteers.

2. Materials and Methods

2.1. Drugs and Reagents. TZQ (0.64 g), TZQ simulation
agent (0.64 g), and acarbose simulation agent (50 mg) were
obtained from Shandong Buchang Shenzhou Pharmaceutical
Co., Ltd., which conducted Investigational New Drug Appli-
cation (IND) study in November 2010 by CFDA (China Food
and Drug Administration). Acarbose (50 mg) was produced
by Bayer Healthcare Pharmaceuticals.

HPLC-grade acetonitrile was purchased from Merck
(Merck, Germany). HPLC-grade formic acid was bought
from ROE (ROE, USA). Deionized water was produced by
Milli-Q ultrapure water system (Millipore, USA). Leucine-
enkephalin was obtained from Sigma-Aldrich (MO, USA).

2.2. Study Subjects and Clinical Trial Design. The study sub-
jects were recruited as part of a project entitled “Clinical trial
to evaluate the efficacy and safety of TZQ on T2DM”. (The
registration number from the international clinical trial net is
ChiCTR-TTRCC-12002866.) All participants were adults in
Tianjin region without renal or liver dysfunction. The study
protocol was in accordance with the Helsinki declaration
and approved by the Ethics Committee of the Second Affil-
iated Hospital of Tianjin University of Traditional Chinese
Medicine. Written informed consent was obtained from all
participants.

Diabetic patients (with glycosylated hemoglobin (HbA1c)
of 7.0%-9.0%) without any previous history of drug use
and with ages between 18 and 75 were selected as subjects.
Figure 1 showed the flow diagram of this pilot clinical trial.
The subjects who met the inclusion criteria were introduced
to run-in period (TZQ simulation agent 1.92 g, TID) for
2 weeks and then entered the trial period for 12 weeks.
The subjects were divided into three groups randomly: (1)
TZQ group (TZQ 1.92 g, TID; acarbose simulation 50 mg,
TID), (2) placebo group (TZQ simulation agent 1.92 g, TID;
acarbose simulation 50 mg, TID), and (3) acarbose group
(TZQ simulation agent 1.92 g, TID; acarbose 50 mg, TID).
During the 12-week study period, a total of three visits (on
the 4th, 8th, and 12thweeks) would be performed. During the
process of the trial, the low fat diet was performed, including
the fact that the calories from fat were no more than 30%
of total calories, and the acceptable intake of saturated fatty
acid was no more than 10%. The use of any other T2DM or
hyperlipidemia treatment including oral medication, TCM
therapy, and health care products was prohibited.

To investigate pharmacologic effects, the body mass
index (BMI), waistline, glycosylated hemoglobin (HbA1c),
fasting insulin (FINS), fasting blood glucose (FBG), oral
glucose tolerance test at 2 h after oral ingestion of 75 g of
glucose (OGTT2hBG), triglycerides (TG), total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and high-
density lipoproteins cholesterol (HDL-C) were measured at
the beginning and the end of the study. To evaluate the safety
of TZQ, routine clinical laboratory tests and electrocardio-
gram (ECG) were also measured.

2.3. Samples Collection and Preparation for Metabolomics.
For metabolomics, each five subjects with hypertriglyc-
eridemia (TG>1.70) in TZQ group and placebo group were
selected. In addition, five healthy volunteers matched by
age and sex were included in the normal group. They were
screened by medical history, physical examination, and rou-
tine laboratory investigations. Their body mass index ranged
between 19.67 and 21.84 kg/m2 (mean ± SD, 20.82±0.92
kg/m2). All of them signed the informed consent form.
For TZQ group and placebo group, human blood samples
were collected at the beginning and the end of the study.
For normal group, blood samples were collected just once.
Venous blood of every subject was collected in the morning
before breakfast and was immediately centrifuged at 3500
rpm for 10 min and serum was transferred into a clean
eppendorf tube.The serum samples were stored at -80∘Cuntil
analysis.
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Figure 1: Flow diagram of the clinical trial.

Prior to analysis, the samples were thawed at room
temperature and 100 𝜇L of serum samples was mixed with
300 𝜇L of acetonitrile. After being vortexed for 1 min and
incubated for 10 min at 4∘C, the mixture was centrifuged for
10 min at 13,000 rpm. The supernatant was transferred to
a new eppendorf tube, followed by evaporation to dryness
in a speedvac concentrator. Subsequently, the residue was
resuspended in 100 𝜇L mobile phase prior to instrument
analysis. Quality-control (QC) samples were prepared by
mixing equal amount of serum from each sample and the
metabolites were extracted using the same procedures as the
test samples. One QC was inserted regularly before and after
running every five samples.

2.4. Instrument Analysis. The ultraperformance liquid chro-
matography combined with quadrupole time-of-flight tan-
dem mass spectrometry (UPLC Q-TOF MS) analysis was
performed on Nexera X2 system (Shimadzu, Japan) cou-
pled with a TripleTOF 5600 quadrupole-time-of-flight mass
spectrometer (SCIEX, USA). Samples were separated on an
Agilent ZORBAX Eclipse Plus C18 column (2.1×100 mm, 1.8
𝜇m). The column temperature was maintained at 40∘C, and
the flow rate was 0.25 mL/min. The mobile phase consisted
of water (A) and acetonitrile (B) both containing 0.1% (v/v)
formic acid. The gradient was initiated with 2% B for 1 min
and then linearly increased to 90% B within 13 min. The
gradient was kept at 90% B for 2 min and then back to 2%

B within 0.1 min and held at 2 % B for another 4 min. The
total run was 20min.TheQ-TOFmass spectrometer was run
in positive mode. The data of m/z were collected for each
test sample from 50 Da to 1500 Da. Parameters of MS were
set as follows: capillary voltage: 3.0 kV; curtain gas: 35 psi;
declustering potential: 100 V; collision energy: 10 V; interface
heater temperature: 550∘C.

2.5. Metabolomics Data Analysis. The raw data acquired
by UPLC Q-TOF MS were imported to MarkerView soft-
ware (version 1.2.1, SCIEX, USA) to conduct data pretreat-
ment procedures, such as retention time alignment,
peak discrimination, filtering, alignment, matching, and
identification. After the algorithm operation of the soft-
ware, a peak table with retention time (tR), m/z value, and
corresponding peak intensity was generated. MetaboAn-
alyst 3.0 (http://www.metaboanalyst.ca/) was used for che-
mometrics analysis, such as principal components analysis
(PCA) and partial least squares discriminate analysis
(PLS-DA). To identify potential biomarkers, the accurate
mass, retention time, and the fragmentation pattern from
MS/MS had to be used. Besides, Human Metabolome
Database (http://www.hmdb.ca/) was used to screen the
potential biomarkers through m/z acquired by UPLC
Q-TOF MS with molecular weight tolerance ±10 ppm.
Open database sources, including MetaboAnalyst 3.0

http://www.metaboanalyst.ca/
http://www.hmdb.ca/
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Table 1: The comparison of baseline characteristics among three groups (mean ± S.D.).

Variable TZQ-F Group Placebo Group Acarbose Group
(n=15) (n=15) (n=16)

Sex (M/F) 8/7 12/3 9/7
Age (year) 62.93±6.11 57.40±9.74 58.07±5.23
BMI (kg/m2) 26.99±3.17 28.56±3.87 25.90±2.27
Waistline (cm) 95.43±11.24 100.23±8.36 94.87±8.44
HbA1c (%) 7.64±0.81 7.59±1.03 7.25±0.79
FINS (mIU/L) 16.64±8.65 15.00±7.07 15.10±14.57
FBG (mmol/L) 7.44±1.17 7.75±1.07 7.62±1.17
OGTT2hBG (mmol/L) 13.96±4.02 13.76±3.15 13.91±4.68
TG (mmol/L) 1.52±0.61 2.06±1.05 2.35±1.38
TC (mmol/L) 4.92±0.70 4.87±0.82 4.74±0.78
LDL-C (mmol/L) 2.86±0.52 2.87±0.61 2.59±0.63
HDL-C (mmol/L) 1.38±0.39 1.17±0.25 1.22±0.35
Note: data were analyzed using ANOVA. p>0.05 (among three groups). FBG: fasting blood glucose; OGTT 2hBG: oral glucose tolerance test 2 h blood glucose;
HbA1c: glycosylated hemoglobin; BMI: body mass index; TC: total cholesterol; TG: triglyceride; HDL: high-density lipoprotein cholesterol; LDL: low-density
lipoprotein cholesterol.

(http://www.metaboanalyst.ca/) and KEGG (http://www
.kegg.jp/), were used to identify the metabolic pathways.

2.6. Statistical Analysis. For clinical trial, all data were pre-
sented asmean± SDandperformedusing SPSS 20.0 software.
Paired t-test was used to assess the effects of each subject
before and after the treatment. One-way analysis of variance
(ANOVA) and covariance analysis were carried out to analyze
the differences among the groups. Independent sample t-test
was used to compare the baseline characteristics between case
group and normal group. For metabolomics data, the mass
and charge features of metabolites were log-transformed and
auto scaled before PCA and PLS-DA. Besides, the univariate
analysis, including fold change (FC) analysis and Student’s
t-tests, was also performed in MetaboAnalyst 3.0. Paired t-
test was used to compare the changes of the peak intensity of
the potential biomarkers before and after treatment in TZQ
group and placebo group. All tests were two-tailed, and the
level of significance was set at 0.05.

3. Results

3.1. Comparison of Baseline Characteristics among Three
Groups. A total of 95 subjects were recruited for the study,
and 58 subjects were suitable for inclusion criteria mentioned
above. Except for 10 who withdrew due to personal reasons
and 2 eliminated because of unstable (changes >15%) FBG
or TG levels observed during the run-in period, 46 subjects
completed the clinical trial, aged from 39 to 75. There
were no adverse events in this study. The comparison of
baseline characteristics among three groups was summarized
in Table 1. The baseline characteristics of gender, age, BMI,
waistline, HbA1c, FINs, FBG, OGTT2hBG, and blood lipids
showed no statistically significant difference among three
groups by ANOVA (p > 0.05).

3.2. Comparisons of Clinical Characteristics among Differ-
ent Groups before and after Treatment. After the 12-week
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Figure 2: The relationship between the decrease of HbA1c and the
corresponding TG baseline value (TG>1.7 mmol/L) in TZQ group
(n=5).

treatment, a significant decrease of OGTT2hBG (p=0.020)
and TG (p=0.044) from baseline was observed in acarbose
group using paired t-test. Compared with placebo group,
FINS (p=0.019) and OGTT2hBG (p=0.041) decreased sig-
nificantly in acarbose group using covariance analysis. The
decrease of HbA1c, FINs, and OGTT2hBG from baseline in
TZQ group, although not statistically significant, was also
observed (Table 2). For HbA1c, a decreasing tendency was
observed in TZQ group (n=5) as TG>1.70 mmol/L (n=5).
Interestingly, the decrease of HbA1c was positively correlated
with the baseline level of TG (Figure 2).

3.3. Clinical Subjects in Metabolomics. To demonstrate that
TZQ had more dramatic hypoglycemic effect on T2DM
patients with hypertriglyceridemia, each five subjects with
TG>1.70 mmol/L from TZQ group and placebo group were
selected to metabolomics (case group). In addition, five
healthy volunteersmatched by age and sexwere admitted into

http://www.metaboanalyst.ca/
http://www.kegg.jp/
http://www.kegg.jp/
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Table 2: The changes comparison of clinical characteristics before and after treatment in three groups (mean ± S.D.).

Variable TZQ Group (n=15) Placebo Group (n=15) Acarbose Group (n=16)
Before treatment After treatment Before treatment After treatment Before treatment After treatment

BMI (kg/m2) 26.99±3.17 25.41±3.44 28.56±3.87 28.53±3.44 25.90±2.27 25.69±2.33
Waistline (cm) 95.43±11.24 92.77±10.29 100.23±8.36 100.60±8.29 94.87±8.44 93.63±7.74
HbA1c (%) 7.64±0.81 7.52±1.18 7.59±1.03 7.67±0.74 7.25±0.79 7.16±0.92
FINS (mIU/L) 16.64±8.65 14.28±8.29 15.00±7.07 15.73±7.77 15.10±14.57 10.42±4.97△

FBG (mmol/L) 7.44±1.17 7.85±2.11 7.75±1.07 7.98±1.43 7.62±1.17 7.27±1.22
OGTT2hBG (mmol/L) 13.96±4.02 13.72±4.89 13.76±3.15 13.90±4.65 13.91±4.68 12.03±4.30∗△

TG (mmol/L) 1.52±0.61 1.88±1.51 2.06±1.05 2.17±1.24 2.35±1.38 1.81±1.18∗

TC (mmol/L) 4.92±0.70 4.99±0.93 4.87±0.82 4.95±1.05 4.74±0.78 4.56±0.90
LDL (mmol/L) 2.86±0.52 2.91±0.70 2.87±0.61 2.85±0.79 2.59±0.63 2.52±0.73
HDL (mmol/L) 1.38±0.39 1.30±0.40 1.17±0.25 1.17±0.30 1.22±0.35 1.24±0.40
Note: data were analyzed using paired t-test or covariance analysis. ∗p< 0.05 (compared with the same group before treatment, paired t-test), △p < 0.05
(comparedwith placebo group, covariance analysis). FBG: fasting blood glucose;OGTT2hBG: oral glucose tolerance test 2 h blood glucose;HbA1c: glycosylated
hemoglobin; BMI: bodymass index; TC: total cholesterol; TG: triglyceride;HDL: high-density lipoprotein cholesterol; LDL: low-density lipoprotein cholesterol.

Table 3: The comparison of baseline characteristics between case group and normal group in metabolomics (mean ± SD).

Variable
Normal group (n=5) Case group (n=10)

TZQ group (n=5) placebo group (n=5)
mean ± SD mean ± SD p mean±SD p

Sex (M/F) 2/3 2/3 4/1
Age (year) 60.60±1.95 62.60±6.43 0.524 49.80±8.76 0.027
BMI (kg/m2) 20.82±0.92 24.92±3.80 0.047 29.32±4.37 0.003
Waistline (cm) 73.60±4.72 93.30±16.10 0.031 98.40±7.27 <0.001
HbA1c (%) 4.66±0.92 7.84±0.75 <0.001 7.96±0.71 <0.001
FINS (mIU/L) 9.50±4.29 16.71±8.87 0.140 14.66±5.90 0.153
FBG (mmol/L) 4.66±0.50 6.89±1.30 0.007 8.29±1.34 <0.001
OGTT2hBG (mmol/L) 9.26±0.92 12.38±1.32 0.002 14.42±1.46 <0.001
TG (mmol/L) 1.04±0.06 2.24±0.42 <0.001 2.61±0.47 <0.001
TC (mmol/L) 3.47±0.68 5.29±0.64 0.002 4.88±0.39 0.004
LDL-C (mmol/L) 1.88±0.61 3.06±0.41 0.007 2.88±0.36 0.013
HDL-C (mmol/L) 1.50±0.22 1.21±0.26 0.087 0.95±0.28 0.009
Note: data were analyzed using independent sample t test. FBG: fasting blood glucose; OGTT2hBG: oral glucose tolerance test 2 h blood glucose; HbA1c:
glycosylated hemoglobin; BMI: body mass index; TC: total cholesterol; TG: triglyceride; HDL: high-density lipoprotein cholesterol; LDL: low-density
lipoprotein cholesterol.

normal group. Demographic and clinical parameters of these
groups were shown in Table 3.

3.4. The Detection Analysis of the Metabolomics by UPLC
Q-TOF MS. UPLC Q-TOF MS analysis was carried out
to acquire metabolic profiles. Operation conditions were
optimized to elute as many metabolites as possible in a single
injection. Finally, a total of 4859 positive ion mode features
were extracted from the UPLC Q-TOF MS data. QC data
showed that the RSD of retention time and peak intensity of
m/z 132.1 (1.94 min), m/z 302.3 (8.48 min), and m/z 496.3
(4.16 min) were 0.21%, 0.47%, 0.85%, and 9.76%, 8.64%,
8.98%, respectively. The results indicated the good stability
and reproducibility during the whole analysis procedure.

3.5. Metabolomics and Pathway Analysis. To distinguish
case group and normal group based on UPLC Q-TOF
MS spectra and understand their endogenous metabolic

differences, principal components analysis (PCA)was carried
out. Case group and normal group contained 10 and 5
samples, respectively. The results of PCA scores plot showed
that the two groups were separated with no overlap (Fig-
ure 3(a)), indicating that the serum metabolic pattern was
significantly different between the case group and normal
group.

The variable importance in the projection (VIP) in par-
tial least square discriminate analysis (PLS-DA) and t-
test analysis identified metabolites that were significantly
different between case group and normal group.Thepotential
biomarkerswere identified by the fragmentation pattern from
MS/MS and ions with VIP>1 and p<0.05. Table 4 showed
the potential biomarkers and possible metabolite pathways.
The levels of diacylglycerol (DG(22:0/20:5), DG(15:0/
18:3)), phosphatidylcholine (PC(15:0/20:2), PC(16:0/22:4),
PC(14:0/14:1)), phosphatidylethanolamine (PE(14:0/18:4), PE
(14:0/20:4)), lysophosphatidylcholine (LysoPC(16:0), LysoPC
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Figure 3: Principal components analysis (PCA) scores plot of case group and normal group (a); case group, normal group, and TZQ group
(b); and case group, normal group, and placebo group (c).

(18:0), LysoPC(18:3), LysoPC(14:1)), D-galactose, uridine
diphosphate glucose (UDP-glucose), L-leucine, and L-
tyrosine in patients were significantly higher than that in
healthy volunteers, whereas sphinganine and cholest-5-ene
were significantly lower.

To determine whether TZQ affected the metabolic pat-
tern of patients and to find the metabolites with significant

changes, PCA was used. The results of scores plot showed
that the case group and normal group were separated clearly,
and the five cases with TZQ treated for 12 weeks (Figure 3(b))
were mainly located between the case group and the normal
group. While the other five cases with placebo treated
(Figure 3(c)) were much closer to the case group. Combined
with the result of clinical effect, this change of serum
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Table 4: The potential biomarkers and possible metabolite pathways.

m/z tR Metabolite Class HMDB VIP p value Trend∗ Metabolic pathways
181.1559 1.52 D-Galactose Carbohydrate 00143 1.5497 <0.001 up Galactose metabolism
567.3018 2.13 UDP-glucose 00286 1.3043 0.002 up
132.1018 1.94 L-Leucine amino acid 00687 1.4244 <0.001 up Aminoacyl-tRNA biosynthesis
182.0809 1.85 L-Tyrosine 00158 1.1778 0.002 up
496.3386 4.16 LysoPC(16:0)

Glycerophospholipid

10382 1.4823 <0.001 up

Glycerophospholipid metabolism

524.3685 5.15 LysoPC(18:0) 10384 1.0618 0.008 up
518.3238 4.79 LysoPC(18:3) 10387 1.5689 0.007 up
466.2898 3.83 LysoPC(14:1) 10380 1.3510 <0.001 up
772.5782 8.97 PC(15:0/20:2) 07946 1.1258 0.004 up
810.6019 9.38 PC(16:0/22:4) 07988 1.0647 0.008 up
676.4853 8.26 PC(14:0/14:1) 07867 1.5373 <0.001 up
684.4608 9.54 PE(14:0/18:4) 08832 1.4224 <0.001 up
712.4935 9.99 PE(14:0/20:4) 08838 1.5114 <0.001 up
699.5945 11.93 DG(22:0/20:5) glyceride 07607 1.4373 <0.001 up
577.4806 11.03 DG(15:0/18:3) 07076 1.005 0.014 up
302.3058 8.48 Sphinganine Sphingolipid 00269 1.4622 <0.001 down Sphingolipid metabolism
371.3699 9.81 Cholest-5-ene Cholestene 00941 1.3602 <0.001 down - - -
Note: Data were analyzed by Student’s t-tests. ∗Trend: Case group versus Normal group.

metabolic pattern showed that the patients were exhibit-
ing a tendency to recovering to normal group after TZQ
treatment, which agreed with the change of HbA1c. Table 5
indicated that LysoPC(16:0), LysoPC(18:3), LysoPC(14:1),
PC(15:0/20:2), PC(16:0/22:4), PC(14:0/14:1), PE(14:0/20:4),
DG(22:0/20:5), and DG(15:0/18:3) decreased significantly
(p<0.05) after the treatment of TZQ. These results indicated
that some metabolites had tendency to come back from the
case group to the normal group after TZQ treatment.

On the basis of 17 potential biomarkers between the case
group and normal group, the pathway analysis based on
MetaboAnalyst 3.0 was carried out. As shown in Figure 4, the
main pathways between T2DM patients with hypertriglyc-
eridemia and healthy volunteers were glycerophospholipid
metabolism, galactosemetabolism, aminoacyl-tRNA biosyn-
thesis, and amino sugar and nucleotide sugar metabolism
(p<0.05). Compared with the peak intensity in the dif-
ferent groups, TZQ treatment drove glycerophospholipid
metabolism in patients to return to normal gradually.

4. Discussion

In this study, a pilot clinical trial on T2DM patients for
evaluating the clinical efficacy and determining clinical
indication of TZQ was carried out. The results showed that
TZQ was beneficial for T2DM with hypertriglyceridemia.
Metabolomics revealed that TZQ regulated the disorder
of glycerophospholipid metabolism in T2DM patients with
hypertriglyceridemia.

4.1. Clinical Trials. Patients with TZQ treatment (1.92g, TID)
for 12 weeks had a trend to lower the values of FINS,
OGTT2h, HbA1c, waistline, and BMI based on this pilot
clinical trial. Compared with other diagnostic criteria for
diabetes, HbA1c level is correlated with blood glucose level

Glycerophospholipid
metabolism

Galactose metabolismAminoacyl-tRNA
biosynthesis

Amino sugar and
nucleotide sugar metabolism
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Figure 4: The main metabolic pathways based on potential bio-
markers.

and can represent the average blood glucose level within 4
to 12 weeks. While FBG, OGTT2hBG, and random blood
glucose can only represent transient blood glucose and be
impacted by nervousness. This trial indicated that TZQ
could decrease the level of HbA1c for the patients with
TG>1.70. Moreover, the decrease of HbA1c was positive
correlationwith the baseline level of TG.The results ofHbA1c
demonstrated that TZQ treatment for 12 weeks continuously
had an effective hypoglycemic activity on T2DM patients
with hypertriglyceridemia. Besides, the sample size could be
estimated through this pilot clinical trial as follows [17, 18]:
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Table 5: The changes comparison of the peak intensity of the potential biomarkers before and after treatment in two groups (mean ± S.D.).

Biomarkers TZQ Group (n=15) Placebo Group (n=15)
Before treatment After treatment p Before treatment After treatment p

D-Galactose 2097.23±555.64 1796.80±1050.53 0.610 2217.10±464.44 2486.60±1038.89 0.579
UDP-glucose 1220.75±685.75 468.26±308.37 0.155 682.36±217.58 882.12±213.60 0.086
L-Leucine 3490.38±274.78 3397.90±76.80 0.470 3505.53±239.78 4093.26±1029.48 0.331
L-Tyrosine 1667.88±208.55 1573.02±135.06 0.276 1579.23±185.80 1847.48±480.83 0.237
LysoPC(16:0) 9833.36±1318.86 3633.52±1197.10 <0.001 6021.73±1873.12 5961.09±4533.85 0.969
LysoPC(18:0) 751.23±118.43 742.64±381.31 0.958 863.39±81.89 850.71±315.53 0.926
LysoPC(18:3) 18365.49±1468.24 8804.01±1598.84 <0.001 16399.05±1399.12 15440.55±4240.13 0.513
LysoPC(14:1) 626.84±296.06 157.11±18.67 0.026 517.33±293.07 299.37±381.13 0.294
PC(15:0/20:2) 781.42±142.81 489.05±169.67 0.001 840.39±64.15 893.06±417.55 0.778
PC(16:0/22:4) 7471.85±2200.75 3462.13±407.02 0.015 6396.02±2356.44 4846.48±1015.19 0.222
PC(14:0/14:1) 1081.27±366.46 186.24±47.03 0.005 1062.27±340.92 1141.66±292.78 0.665
PE(14:0/18:4) 816.29±661.96 226.31±196.64 0.198 360.05±91.35 511.65±125.01 0.124
PE(14:0/20:4) 1659.73±611.85 642.14±142.21 0.026 1867.68±441.45 1896.16±1102.87 0.966
DG(22:0/20:5) 1171.63±515.18 365.11±60.69 0.017 935.65±219.09 916.33±549.78 0.952
DG(15:0/18:3) 1549.78±708.90 415.63±292.41 0.007 779.78±508.12 835.61±482.38 0.860
Sphinganine 3594.59±5522.04 1203.80±287.44 0.396 1302.85±151.44 1205.19±355.10 0.451
Cholest-5-ene 28.69±29.76 37.82±34.07 0.341 7.89±4.14 17.73±18.12 0.326
Note: data were analyzed using paired t-test.

m =
(Z1−𝛼/2 + Z1−𝛽)

2
2𝜎2

𝛿2
(1)

𝜎2 =
(n1 − 1) S12 + (n2 − 1) S22

n1 + n2 − 2
(2)

where m is the sample size required in each group; 𝛼 is
the significance level; Z1-𝛼/2 is the 100(1-𝛼/2)th percentile of
the standard normal distribution and depends on level of
significance, Z1-𝛼/2=1.960 for 𝛼=0.05; 1-𝛽 is the power; Z1-𝛽 is
the 100(1-𝛽)th percentile of the standard normal distribution
and depends on power, Z1-𝛽=0.845 for 1-𝛽=0.8; n is the
number of every group of the pilot clinical trial; S2 is the
variance in the change of outcome in every group; 𝛿 is the
margin based upon a combination of statistical reasoning and
clinical importance, generally ranged from 1/5 to 1/2 of 𝜎2,
here, 𝛿=0.4 for both noninferiority trial and superiority trial.

According to the equations above, a significant difference
(p<0.05) would be detected for the primary outcome HbA1c
betweenTZQgroup and acarbose group (noninferiority trial)
or between TZQ group and placebo group (superiority trial)
if the sample size increased to 92 or 108.

4.2. Metabolomics Study. Compared with healthy volunteers,
17 potential biomarkers were identified as risk of T2DM,
including increased levels of D-galactose, UDP-glucose,
L-leucine, L-tyrosine, LysoPC species, PC species, PE species,
and DG species, and decreased levels of sphinganine and
cholest-5-ene. These potential biomarkers refer to glucose,
amino acid, and lipid metabolism, and the relationship to
insulin resistance was illuminated in Figure 5.

After the 12-week treatment with TZQ, a serial of PC,
PE, lysoPC, and DG was decreased, while other metabolites

were not changed significantly. Briefly, TZQ influenced the
glycerophospholipid metabolism directly and regulated the
glucose and lipid metabolism to treat T2DM with hyper-
triglyceridemia.

4.3. Glycerophospholipid Metabolism. In this study, TZQ had
strong impact on glycerophospholipids, including LysoPC,
PC, PE, and DG, which were significantly elevated in case
group (VIP>1 and p<0.05). PC and PE are the largest amount
of glycerophospholipid in mammals. They are classes of
important constituents in the biomembranes and provide the
majority of membrane lipids within cells. In most types of
cells, the synthesis of PC and PE is both through DG, which
is related to insulin resistance [19]. Glycerophospholipid
species, which are synthesized downstream of DG, are proba-
ble contributors to metabolic diseases. In fact, the increase of
PC and PE was related strongly to obesity, diabetes, and other
metabolic syndromes [20, 21].

PC plays an important role in the lipid storage to form
lipid droplets and lipoproteins, which are both increased in
obesity. Some researchers indicated that the increase of PC to
liver-derived microsomes in vitro or the additional PC con-
tent in the membrane inhibited the calcium transport activ-
ity of sarcoendoplasmic reticulum Ca2+-ATPase (SERCA),
which maintained calcium homeostasis in this organelle
principally [22, 23]. This contributed to protein misfolding
and endoplasmic reticulum (ER) stress and resulted in insulin
resistance finally [24]. Selathurai et al. verified that phospho-
lipids were the probable modulators of muscle insulin resis-
tance rather than diacylglycerol or triacylglycerol, through
muscle-specific knocking out of ethanolamine-phosphate
cytidylyltransferase in mice, which retained insulin sensitiv-
ity and showedmarked increases inmitochondrial biogenesis
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andmuscle oxidative capacity compared with wild-type mice
[25].

LysoPC belongs to the class of glycerophospholipids and
is generated by PC hydrolysis through phospholipase catalyz-
ing. Because of the high activity of phospholipase in diabetes,
the hydrolysis of the sn-2 position of glycerophospholipids
increased. Therefore, LysoPC in patients is much more than
normal. Han et al. used various pharmacological inhibitors
to find evidence favoring the role of LysoPC produced from
FFA in insulin resistance in vitro and in vivo [26].They
implicated LysoPC as an important lipid intermediate that
links saturated fatty acids to insulin resistance.

4.4. Other Metabolisms. In this study, the differences be-
tween the case group and normal group in carbohy-
drate metabolism, amino acid metabolism, and other lipid
metabolism were also found. These metabolisms were impli-
cated in T2DM, but they were not the main targets for TZQ.
This could be the reason that TZQ had no influence on
patients with isolated disorder of glucose metabolism.

The level of D-galactose and UDP-glucose was higher
in patients and was significantly associated with T2DM. D-
Galactose is an aldohexose, which occurs naturally in the
D-form in lactose, cerebrosides, gangliosides, and mucopro-
teins. Galactose is an isomeride of glucose and can be rapidly
converted to glucose through the Leloir pathway [27]. Similar
to glucose, D-galactose is an energy-providing metabolite
and also a necessary basic substrate for the biosynthesis
of many macromolecules in the body. Increased galactose
metabolism may lead to long-term, gradual increases in
serum glucose and may result in insulin resistance. UDP-
glucose is a key intermediate in carbohydrate metabolism.
Served as a precursor of glycogen, UDP-glucose can be
metabolized into UDP-galactose and UDP-glucuronic acid,
which can be incorporated into polysaccharides as galactose
and glucuronic acid. UDP-glucose also serves as a precursor
of sucrose lipopolysaccharides and glycosphingolipids [28].

L-leucine belongs to branched-chain amino acid
(BCAAs) along with isoleucine and valine, which play an
essential role in the insulin secretion, regulation of protein
turnover, and protein synthesis [12]. The additional fasting
concentrations of circulating BCAAs are associated with
an elevated risk of T2DM, insulin resistance, and other
metabolic diseases in humans because of the decreased
activity of branched-chain 𝛼-keto acid dehydrogenase [29].
L-tyrosine, as one part of aromatic amino acid (AAAs), is a
glucogenic and ketogenic amino acid. Some studies revealed
that L-tyrosine has positive effects on the development of
diabetes, as well as BCAAs [30]. In 2011, the Framingham
Offspring Study reported that increased BCAAs (isoleucine,
leucine, and valine) and AAAs (tyrosine and phenylalanine)
were able to predict the risk of diabetes up to 12 years prior
to disease onset [10].

Sphinganine belongs to sphingolipids and is a key precur-
sor on ceramide de novo synthesis pathway [31]. Several stud-
ies have suggested that ceramides and other sphingolipids in
cells play a direct role in reducing insulin sensitivity [32].
However, sphinganine in serum of patients was lower than
healthy volunteers in this study. Cholestenes are derivatives of
cholestanes which have a double bond. They are principally
responsible for the synthetic process of bile acids. Some
studies showed that the activation of bile acid–responsive G
protein–coupled receptor TGR5 may promote pathways that
were protective against diet-induced diabetes [33].Therefore,
the reduction of cholestenes would be related to the develop-
ment of T2DM.

5. Conclusions

In this study, the clinical trial indicated that TZQ was
appropriate for T2DM patients with hypertriglyceridemia.
The decrease of HbA1c was positive correlation with the
baseline level of TG. Metabolomics study based on UPLC
Q-TOF MS and chemometrics analysis illustrated that TZQ
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influenced glycerophospholipid metabolism to regulate the
disorder of glucose and lipid metabolism.

This was a pilot clinical trial to explore the clinical efficacy
and effect on endogenous metabolites for T2DM of TZQ
because of the small sample size. If we enlarge the sample
size and eliminate the difference of genetic background, with
uniform diets and living habits, the results will be more
meaningful. Based on this study, a multicenter clinical trial
will be carried out by our team to evaluate the safety and
efficacy of TZQ on the T2DM with hypertriglyceridemia in
the near future.
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Current antiobesity and antidiabetic tools have been insufficient to curb these diseases and frequently cause side effects; therefore,
new pancreatic lipase and 𝛼–glucosidase inhibitors could be excellent aids for the prevention and treatment of these diseases. The
aim of this study was to identify, quantify, and characterize the chemical compounds with the highest degree of inhibitory activity
of these enzymes, contained in a Ludwigia octovalvis hydroalcoholic extract. Chemical purification was performed by liquid–liquid
separation and column chromatography. Inhibitory activities were measured in vitro, employing acarbose, orlistat, and a Camellia
sinensis hydroalcoholic extract as references. For structural elucidation, Nuclear Magnetic Resonance was carried out, and High
Performance LiquidChromatographywas used to quantify the compounds. For𝛼–glucosidases, L. octovalvis hydroalcoholic extract
and its ethyl acetate fraction showed half–maximal Inhibitory Concentration (IC50) values of 700 and 250 𝜇g/mL, for lipase, 480
and 718 𝜇g/mL, while C. sinensis showed 260 and 587 𝜇g/mL. The most active compounds were identified as ethyl gallate (1, IC50
832 𝜇M) and gallic acid (2, IC50 969 𝜇M); both displayed competitive inhibition of 𝛼–glucosidases and isoorientin (3, IC50 201 𝜇M),
which displayed uncompetitive inhibition of lipase. These data could be useful in the development of a novel phytopharmaceutical
drug.

1. Introduction

Although 𝛼–glucosidase inhibitors such as acarbose and pan-
creatic lipase inhibitors such as orlistat are one of the safest
antiobesity and antidiabetic drugs for weight loss and reg-
ulation of several metabolic and cardiovascular parameters
in adults [1–3], these drugs have unpleasant gastrointestinal
side effects that frequently result in therapy abandonment
[4]. Therefore, it is necessary to continue the search for new
alternatives to𝛼–glucosidase and pancreatic lipase inhibitors,
withmilder side effects andwhich contribute to the treatment
of obesity and type 2 diabetes mellitus, in conjunction with
current therapies.

Treatment with acarbose brings forth benefits in the
regulation of HbA1c, blood pressure, coagulation factors,
thickness of the intimal layer of the carotid, endothelial

dysfunction, serum glucose, and postprandial insulin [2],
being especially useful in the treatment of diabetic patients
with adequate baseline control but persistent postprandial
hyperglycaemia [1]. While orlistat treatment not only pro-
duces a reduction in body weight and waist diameter, it also
decreases HbA1c, blood pressure, and cholesterol [5], reduc-
ing the incidence of type 2 diabetes mellitus. In addition,
orlistat is currently the only drug approved by the Food and
Drug Administration (FDA) for the treatment of obesity in
children [3].

Ludwigia octovalvis (Jacq.) P.H.Raven (Onagraceae) [syn:
Jussiaea suffruticosa L., Jussiaea pubescens L., and Jussi-
aea angustifolia Lamk] is an helophyte, erect, herb with
oblong–lanceolate leaves and solitary flowers of four yellow
petals [6]. According to Mexican data, this species is not
on a protection status [7]. Almost all parts of the plant
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have been reported as having several medicinal uses [8, 9],
among them, the antidiabetic use by Mexican and Indian
healers [10, 11], in which the boiled extract or the juice
of the whole plant is used. Previous phytochemical studies
have described the presence of flavonoids, phenolic acids,
polyphenols, saponins, sterols, tannins, and triterpenoids
[12–15] in different organs of this medicinal plant. Several
pharmacological effects such as hypoglycaemic [8], anti-
hyperglycaemic [16, 17], and antiproliferative, in 3T3–L1
adipocytes [18], have been described through variousmodels.
Moreover, the hydroalcoholic extract of L. octovalvis leaves
was themost effective in the inhibition of 𝛼–glucosidases and
pancreatic lipase in a screening of 23 extracts of medicinal
plants reported as traditional treatments for type 2 diabetes
mellitus [10]. In addition, a report also exists on L. octovalvis
antidiarrheal activity, probably mediated by regulation of
gastrointestinal motility [19]; this activity could help reduce
some of the side effects of intestinal enzyme inhibition, such
as faecal urgency or abdominal pain.

The aim of this work was to isolate, identify, quantify,
and characterize the compounds with the greatest inhibitory
activity of 𝛼–glucosidases and pancreatic lipase, in the
hydroalcoholic extract of L. octovalvis leaves, through its
bioassay–guided fractionation.

2. Materials and Methods

2.1. General. All chemicals were of analytical–reagent grade.
Corn starch (S4126); 2,3–dimercapto–1–propanol tributyrate
(DMPTB 97%, 282413); 5,5–dithiobis(2–nitrobenzoic acid)
(DTNB ≥98%, D8130); lipase from porcine pancreas (PPL
type II, 100–500 units/mg, L3126); Triton X–100 (X100); SDS
(≥98.5%, L3771); glycerol (≥99.5%, GE17–1325–01); DMSO
(≥99.9%, 547239); polyethylene glycol (PEG, 1546580);
2–aminoethyl diphenylborinate (97%, D9754); isoorientin
(≥98%; I1536); and gallic acid (≥97%, 27645) were purchased
from Sigma–Aldrich (St. Louis, MO). Miscellaneous solvents
were purchased fromMerck KGaA (Darmstadt, Germany).

Orlistat (Lysthin, PsicoFarma,Mexico City) and acarbose
(Sincrosa, Alpharma, Mexico City) were purified by silica
chromatography and crystallized, to be used as positive
controls for enzyme inhibition assays.

Thin layer chromatography (TLC) was performed using
silica gel 60 RP–18 F254s aluminium sheets (105560, Merck
KGaA). TLC plates were analysed under UV light at 254 and
360 nm, using the Natural Products–PEG reagent (NP–PEG;
1% methanolic solution of diphenylboryloxyethylamine fol-
lowed by 5% ethanolic PEG) as chemical detection system
[20].

Melting points were obtained on a Thermo Scientific
IA9000 series melting point apparatus (Electrothermal,
Essex, UK).

Nuclear Magnetic Resonance (NMR) 1H (400 MHz) and
NMR 13C (100 MHz) spectra were obtained with Varian
INOVA–400 equipment (Varian Co., Palo Alto, CA) using
tetramethylsilane as internal standard.

2.2. Plant Material and Preparation of Extracts. Leaves of
L. octovalvis were collected at Xochitepec, Morelos, Mexico

(18∘4740.70 N, 99∘1149.27 W), between September and
October of 2012. A voucher of plant material was deposited
under code number 34667 at the HUMO Herbarium in the
Centro de Investigación en Biodiversidad y Conservación of the
Autonomous University of the State of Morelos (Universidad
Autónoma del Estado de Morelos–CIByC–UAEM, Morelos,
Mexico).

Camellia sinensis (L.) Kuntze (Theaceae) commercial
ground leaves, purchased at a Japanese specialty store (Yama-
motoyama, Pomona, CA), was used as a positive vegetal
control. Plant names were checked and updated with the
online website http://www.theplantlist.org. [21].

Fresh leaves of L. octovalviswere washed and dried under
dark conditions at room temperature and then milled to 4–6
mm. Ground material (1 kg) was extracted (1:10 ratio, w/v)
with a 60% ethanol aqueous solution at 25∘C for 24 h. The
liquid extract was paper-filtered, concentrated in a rotary
evaporator Laborota 4000 (Heidolph, Schwabach, Germany)
under reduced pressure at 50∘C, and freeze-dried to obtain
337 g of brown powder (32.4% yield). This dry extract
(LoHAE) was stored at 4∘C until its pharmacological and
phytochemical analysis. C. sinensis hydroalcoholic extract
(CsHAE) was identically prepared.

2.3. Fractionation of LoHAE and Purification of Active Frac-
tions. One hundred and ninety grams of LoHAE was sub-
jected to a liquid–liquid separation process using water and
ethyl acetate. The solvent of both fractions was eliminated
by low pressure distillation to obtain an organic fraction
(LoEAF) and an aqueous fraction (LoAqF).

The less polar fraction (LoEAF, 25 g) was subjected to a
chromatographic silica gel 60 column (109385, Merck KGaA)
using dichloromethane/methanol gradient system as mobile
phase, to give 69 samples of 150 mL each. The separation
process was monitored by TLC and all the samples were
grouped into 20 final fractions. The most representative
fractions (yields ≥5%; C1F1–C1F6) were subjected to both
assays.

The active fractions C1F4 and C1F6 were fraction-
ated using column chromatography with silica gel LiChro-
prep� RP–18 (113900, Merck KGaA) and a mixture of
water/acetonitrile. All the fractions were analysed by TLC
and the samples with similar chemical composition were
grouped.

From C1F4 (186 mg), 10 final fractions were obtained, of
which C2F1 produced a white precipitate, which was found to
be a pure compound by TLC and High Performance Liquid
Chromatography (HPLC).

From C1F6 (1.1 g), 19 final fractions were obtained; the
most representative (yields ≥5%) were C3F1, C3F2, C3F3,
and C3F4. Fraction C3F3 was purified, obtaining fractions
C4F1, C4F2, C4F3, C4F4, C4F5, and C4F6. Fraction C4F4
produced an orange/yellow precipitate (C4F4–P, 12 mg).
All these fractions (see Scheme 1) were subjected to the
pharmacological assay.

2.4. HPLC Analysis. HPLC analysis was performed on a
chromatographic system equipped with a Waters Alliance
SeparationModule (2695,Waters Corporation,Milford,MA)

http://www.theplantlist.org
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Scheme 1: Fractionation of L. octovalvis hydroalcoholic extract (LoHAE). The isolation process of the active compounds is illustrated by
colors: green for ethyl gallate, blue for gallic acid, and yellow for isoorientin.

and a photodiode array detector (2996,Waters Corporation),
employing Empower Pro software (Waters Corporation).
Separation was carried out using a Supelcosil LC–F HPLC
column (59158, Supelco, Bellefonte, PA). The mobile phase
consisted of amixture of trifluoroacetic acid solution (solvent
A, 0.5%) and acetonitrile (solvent B)with the following ratios:
A:B = 100:0 (0–1 min); 95:5 (2–3 min); 70:30 (4–7min); 50:50
(8–22 min); 20:80 (23 min); 0:100 (24–26 min); 100:0 (27–30
min). The sample injection volume was 10 mL with a 0.9
mL/min flow rate during 30 min. The detection wavelength
was 190–600 nm.

Quantification of the isolated compounds was achieved
using calibration curves and LoHAE or LoEAF HPLC
analysis. The calibration curve was made using ascendant
concentrations (25, 50, 100, and 200 𝜇g/mL) of the isolated
compounds, which were injected by triplicate at 10 𝜇L in
the previously described HPLC method. A chromatographic
profile of each concentration was obtained at 254 or 360 nm
wavelength and data on area under curve peak were used to
obtain the respective straight–line equations.

2.5. Enzymatic Inhibition Assays. Pancreatic lipase inhibition
assay was previously reported [22]. Briefly, the absorbance
of a mixture of DTNB 0.2 mM, DMPTB 0.8 mM, NaCl
0.1M, CaCl2 2 mM, Triton X–100 0.04%, porcine lipase 65𝜇g/mL, and the sample (dissolved in DMSO and water) at
0.25 mg/mL was followed with a Thermo Scientific Genesys
20 Visible Spectrophotometer (Fisher Scientific, 4001000,
Hampton, NH) at 412 nm every 20 s for five minutes and
plotted (Excel, Microsoft) to obtain initial velocity value. The
lipase was prepared as a stock at 10 mg/mL in Tris–HCl 25
mM pH 6.2 with 0.1 M NaCl, SDS 2 mM, and 250 𝜇L/mL of
glycerol. A control assay without substrate was carried out to
discard nonspecific reactions with DTMB. All reactions were
tested by triplicate.

The 𝛼–glucosidase assay was previously reported [10]. In
brief, corn starch (4 mg/mL) was digested by crude enzyme
at 37∘C during 10minutes in a phosphate buffer pH 7 solution

at a sample concentration of 0.6 mg/mL (dissolved in DMSO
and water). Subsequently, released glucose was quantified by
a glucose oxidase-based clinical reagent with the GOD–POD
Trinder kit (Spinreact, Girona, Spain) following manufac-
turer’s directions. All tests were performed in quadruplicate.
Crude enzymewas obtained directly fromhealthyWistar rats
(12 h fasting). The small intestine was flushed several times
with ice-cold isotonic buffer pH 7 and after the scraping of
the mucosa, it was homogenized and stored at -20∘C. Animal
care and management were carried out under the guidelines
of Mexican Official Standard NOM–062–ZOO–1999.

For both assays, percentage of inhibitions was calculated
as the residual enzymatic activity of the negative control
(DMSO and water) by using

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 100 − (𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑠𝑎𝑚𝑝𝑙𝑒𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑐𝑜𝑛𝑡𝑟𝑜𝑙 × 100) (1)

Concentrations of extracts resulting in 50% inhibition of
enzyme activity (IC50 values) were determined graphically,
quantifying enzymatic activities at ascendant concentrations
of each sample (6–3600 𝜇g/mL for 𝛼–glucosidases and
5–2500 𝜇g/mL for pancreatic lipase). The logarithm of the
concentration was plotted on the x-axis and the percentage
of enzymatic inhibitory activity on the y-axis to obtain a
semilogarithmic graphic.

The type of inhibition was determined quantifying
the activity with and without inhibitor at different sub-
strate concentrations (5–0.35 mg/mL for 𝛼–glucosidases
and 0.05–0.2 𝜇g/mL for pancreatic lipase) and comparing
Lineweaver–Burk plots (inverse substrate concentration [S]
and inverse reaction velocity V). In the case of the determi-
nation of 𝛼–glucosidase type of inhibition, the substrate was
changed from corn starch to maltodextrin (MD100, Luzhou
Bio–Chem Technology Co., Shandong, China), in order to
have greater uniformity in the reaction.

Michaelis–Menten constant (Km) and apparent Km
(Km

app) were obtained analysing the Lineweaver–Burk plots.
These values allowed to obtain the inhibition constant (Ki)
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Table 1: Enzyme inhibition of hydroalcoholic extract, fractions, and compounds isolated from L. octovalvis leaves.

Sample
Inhibition percentage

𝛼–glucosidases
0.6 mg/mL

Pancreatic lipase
0.25 mg/mL

Acarbose 50.0 ± 1.6∗ N.A.
Orlistat N.A. 50.0 ± 2.6∗∗
CsHAE 80.8 ± 1.1 34.8 ± 2.5
LoHAE 58.9 ± 5.7 23.6 ± 2.5
LoEAF 82.8 ± 3.6 31.2 ± 1.9
LoAqF 76.8 ± 1.9 15.6 ± 2.5
C1F1 (ethyl gallate) 98.4 ± 2.0 23.2 ± 3.0
C1F2 60.1 ± 5.5 22.5 ± 3.6
C1F3 39.9 ± 5.6 4.3 ± 3.5
C1F4 98.9 ± 1.6 20.0 ± 2.3
C1F5 84.2 ± 5.3 28.2 ± 2.7
C1F6 79.8 ± 3.8 45.3 ± 0.6
C2F1 (gallic acid) 98.9 ± 0.6 N.A.
C3F1 N.A. 10.9 ± 0.3
C3F2 N.A. 29.3 ± 3.6
C3F3 N.A. 43.5 ± 4.3
C3F4 N.A. 36.4 ± 4.0
C4F1 N.A. 41.4 ± 3.2
C4F2 N.A. 16.6 ± 4.5
C4F3 N.A. 45.8 ± 5.1
C4F4–P (isoorientin) N.A. 55.1 ± 3.1
C4F5 N.A. 53.5 ± 3.7
C4F6 N.A. 49.1 ± 3.8
Luteolin 66.3 ± 5.6 N.A.
The data is indicated as the mean ± standard deviation.
N.A. = not analysed; ∗ evaluated at 5.8 𝜇M; ∗∗ evaluated at 1.6 𝜇M.

for competitive inhibitors using (2), where [I] represents
inhibitor concentration.

𝐾𝑚𝑎𝑝𝑝 = 𝐾𝑚 (1 + [𝐼]𝐾𝑖 ) (2)

2.6. Statistical Analysis. Experimental enzymatic inhibition
activity values are expressed as the percentage of inhibition.
All biological assays were analysed by ANOVA followed by
a Tukey post–test, with statistical differences established at
p<0.05, using the SPSS10.0 program.

3. Results

3.1. Fractionation of Hydroalcoholic Extract. The liquid–liq-
uid separation of LoHAE produced LoAqF (82.3% yield; 156
g) and LoEAF (17.1%; 32 g). Samples of these materials and
CsHAE were analysed in the in vitro models of enzyme
inhibition at 0.6 mg/mL in the case of 𝛼–glucosidases and at
0.25 mg/mL in the case of pancreatic lipase (see Table 1).

LoHAE inhibited the 𝛼–glucosidases by 58.9% and the
pancreatic lipase by 23.6%, while CsHAE produced an 80.8%
inhibition of 𝛼–glucosidases and 34.8% of pancreatic lipase.

The organic fraction, LoEAF, had more inhibitory activity
than LoAqF fraction or LoHAE extract in both assays, with
an 82.8% inhibition of 𝛼–glucosidases and 31.2% inhibition
of pancreatic lipase.

High Performance Liquid Chromatography spectra anal-
ysis of LoEAF (see Figure 1(a)) indicated the presence of
flavonoids and organic acids [20, 23]. The first chromatog-
raphy separation of LoEAF afforded 60 fractions, which were
grouped in six (C1F1–C1F6), where C1F1 and C1F4 fractions
displayed the highest inhibitory effect on 𝛼–glucosidases,
while C1F6 was the most active for lipase (see Table 1).

3.2. Identification of 𝛼–Glucosidase Inhibitors. Fraction C1F1
produced a white precipitate (melting point = 160∘C) that
was analysed by HPLC (see Figure 1(b)) and its chemical
structure was corroborated by comparison of spectroscopic
1H and 13C NMR data (see Table 2 and Figures S1–S2 in
the Supplementary Material) indicating that this compound
corresponds to ethyl gallate [24] (see Figure 2).

Fraction C1F4 produced Fraction C2F1, which also pro-
duced a white precipitate (melting point= 260∘C). HPLC,
UV spectra (see Figures 1(c)–1(d)), and spectroscopic 1H
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Figure 1: High Performance Liquid Chromatography chromatograms, UV spectra (at 270 nm), and enzymatic inhibition percentage of
different L. octovalvis fractions. (a) Ethyl acetate fraction LoEAF. (b) Fraction C1F1. (c) Fraction C1F4. (d) Fraction C2F1. (e) Fraction C1F6.
(f) Fraction C4F4–P.

HO

HO

OH

O

O

R
R

ethyl gallate
gallic acid -H

O

OH

OH

O

HO

OH

O

OH

HO

HO
HO

isoorientin

-＃（2-＃（3

Figure 2: Chemical structure of the most active compounds identified in L. octovalvis hydroalcoholic extract.



6 Evidence-Based Complementary and Alternative Medicine

Table 2: Nuclear Magnetic Resonance (NMR) 13C data of the compounds contained in C1F1 and C4F4–P fractions and previously reported
data for ethyl gallate and isoorientin.

Carbon position Chemical shifts (ppm)
Ethyl gallate C1F1 Isoorientin C4F4–P

1 121.9 121.95 – –
2 110.1 110.18 163.44 163.61
3 146.4 146.57 102.38 102.78
4 139.6 139.79 181.45 181.84
5 146.4 146.57 160.59 160.67
6 110.1 110.18 108.88 108.86
7 168.6 168.69 163.44 163.23
8 61.6 61.81 93.73 93.46
9 14.6 14.73 156.27 156.16
10 – – 102.79 103.38
1 – – 121.56 121.4
2 – – 118.82 118.95
3 – – 116.00 116.02
4 – – 150.44 149.68
5 – – 145.95 145.72
6 – – 112.92 113.29
1 – – 73.18 73.02
2 – – 70.50 70.60
3 – – 78.95 78.93
4 – – 70.19 70.17
5 – – 81.35 81.56
6 – – 61.34 61.48

NMR analysis (see Figure S3 in the Supplementary Material)
indicated that this fraction corresponds to gallic acid [24] (see
Figure 2).

According to HPLC analysis (see Figure S4 in the
Supplementary Material), LoHAE and LoEAF contained,
respectively, 0.7% and 4.6% of ethyl gallate and 1.9% and 2.5%
of gallic acid.

3.3. Identification of Pancreatic Lipase Inhibitors. Fraction
C1F6 was analysed by HPLC where several kinds of organic
constituents were observed (see Figure 1(e)). Subsequent
chromatographic separations of this fraction, followed by
inhibitory activity evaluation (see Table 1), allowed us to
obtain 11 fractions (see Scheme 1)with different chemical pro-
files but similar inhibitory activities.Themost active fraction,
C4F4–P (melting point = 245∘C), was evaluated by HPLC
(see Figure 1(f)) and elucidated by 1H NMR, 13C NMR,
and two–dimensional NMR spectroscopy experiments (see
Table 2 and Figures S5–S9 in the Supplementary Material)
and corresponded to isoorientin [25] (see Figure 2).Theother
active fractions are constituted mainly by flavonoids and
other nonidentified compounds.

According to HPLC analysis (see Figure S4 in the Supple-
mentary Material), LoHAE and LoEAF contained 0.2% and
0.1% of isoorientin, respectively.

3.4. Calculating Half–Maximal Inhibitory Concentration and
Determining Type of Inhibition

3.4.1. 𝛼–Glucosidases. All graphs corresponding to con-
centration–response curves in the 𝛼–glucosidase inhibition
model are shown (see Figure 3). CsHAE displayed a value of
half–maximal Inhibitory Concentration (IC50) 260 𝜇g/mL,
while LoHAE produced IC50 700 𝜇g/mL. Ethyl gallate (C1F1)
and gallic acid (C2F1) IC50 values were 832 𝜇M and 969 𝜇M,
respectively. Luteolin (Sigma, L9283) was used as a naturally
occurring reference displaying an IC50 = 1257.7 𝜇M.

Both compounds, ethyl gallate and gallic acid, make Km
(intersection x-axis) increase, but maximal velocity (Vmax;
intersection y-axis) remains the same, as expected for a
competitive enzymatic inhibition (see Figures 4(a)–4(b)).

For the particular conditions of this assay, the calculated
Km was 460 ± 3 𝜇M. In the case of Ki constants, for ethyl
gallate at 625 𝜇M, Ki = 636𝜇M and at 1250 𝜇M, Ki = 315 𝜇M;
for gallic acid at 625 𝜇M, Ki = 436 𝜇M and at 1250 𝜇M, Ki =
208 𝜇M.

3.4.2. Pancreatic Lipase. The positive vegetal control, C.
sinensis, displayed an IC50 value of 587 𝜇g/mL, while LoHAE
displayed 480 𝜇g/mL, LoEAF 718 𝜇g/mL, and isoorientin 201𝜇M (see Figure 5).
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Figure 3: Concentration–response graphics for half–maximal Inhibitory Concentration (IC50) determination of CsHAE, LoHAE, LoEAF,
C1F1 (isolated ethyl gallate), and C2F1 (isolated gallic acid), in the inhibition model of 𝛼–glucosidases. X-axis values are presented in 𝜇g/mL
(real values are logarithmic). The error bars represent the standard deviation of 2 measurements in four separate sample runs (n = 8).
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Figure 4: Determination of enzymatic inhibition type by Lineweaver–Burk plots curves in the 𝛼–glucosidase inhibition model. (a) C1F1
(isolated ethyl gallate). (b) C2F1 (isolated gallic acid).

As observed in the graph (see Figure 6), isoorientin
changed both Vmax and Km (both intersection axes), so it
produced uncompetitive enzymatic inhibition of pancreatic
lipase [26].

4. Discussion

According to several studies, postprandial hyperglycaemia
periods, even the relative short–lasting ones, contribute to the
development of chronic diabetes complications even more
than basal hyperglycaemia [27]. Moreover, the management

of postprandial hyperglycaemia is more difficult to achieve
than basal glucose control, even with a satisfactory HbA1c
control [28], making it one of the main problems in dia-
betes treatment [1]. Of all the available antidiabetic drugs,𝛼–glucosidase inhibitors are currently the most effective and
safest for postprandial glycaemia control as well as intraday
and interday glucose fluctuation [29]. On the other hand,
changes have also been found in postprandial lipaemia and
plasma free fatty acids (fasting and postprandial) in patients
with type 2 diabetes mellitus, which increase macrovascular
damage [30] and also may cause 𝛽–cell dysfunction [31].



8 Evidence-Based Complementary and Alternative Medicine

0.0

25.0

50.0

75.0

100.0

In
hi

bi
tio

n 
%

1 10 100 1000 10000
Concentration [g/ml]

CsHAE
LoHAE
LoEAF
C4F4–P

Figure 5: Concentration–response graphics for half–maximal InhibitoryConcentration (IC50) determination ofCsHAE, LoHAE, LoEAF, and
C4F4–P (isolated isoorientin) in the inhibitionmodel of pancreatic lipase. x-axis values are represented in𝜇g/mL (real values are logarithmic).
The error bars represent the standard deviation of 2 measurements in three separate sample runs (n = 6).

0.0050

0.0150

0.0250

10 20

1/
V

 (m
m

ol
/m

in
)

1/[S] (mg/mL)

C4F4–P 0 M
C4F4–P 112.5 M
C4F4–P 225.0 M

Figure 6: Determination of enzymatic inhibition type of C4F4–P
(isolated isoorientin) by Lineweaver–Burk plots curves in the
pancreatic lipase inhibition model.

What is worse, when high levels of free fatty acids couple
with glycaemic fluctuations, they not only cause endothelium
damage [32], but also have a prooxidant effect on pancreatic𝛽
cells, leading to 𝛽–cell exhaustion [33]; this phenomenon has
been called glucolipotoxicity.However, it has been shown that
orlistat, a lipase inhibitor, significantly improves postprandial
lipaemia and free fatty acid levels in nondiabetic hyperlipi-
demic subjects and also in overweight type 2 diabetic patients
[34, 35].

L. octovalvis hydroalcoholic extract has the advantage of
displaying both 𝛼–glucosidase and pancreatic lipase inhibi-
tion activities. This is the first time that these mechanism

modes are described for this species. Besides L. octovalvis is
an interesting option as antidiabetic because it was described
as innocuous according to the OECD [12].

In this study, the concentration of low and intermedi-
ate polarity compounds contained in LoEAF considerably
increased the inhibition of both digestive enzymes, although
an increase of 𝛼–glucosidase inhibition was also observed in
LoAqF, indicating the presence of other polar compounds
with high inhibitory activity of these enzymes. Nevertheless,
according to HPLC quantitative analysis, the bipartition
process successfully increased the concentration of the two𝛼–glucosidase inhibitors in the organic fraction. Therefore,
it would be proper to design an extraction or separa-
tion method that concentrates these polyhydroxy benzoic
acid derivatives. Although gallic acid has been previously
described for L. octovalvis [15], this is the first time that its
ethyl ester derivative (ethyl gallate) is identified and related
to the biological activity. The inhibition of these compounds
using intestinal rat enzyme and starch as substrate was found
higher than that produced by the natural product reference
luteolin (IC50 ≈ 1257.7 𝜇M)which has been described as good
inhibitor of 𝛼–glucosidases [36–38].

The inhibitory activity of carbohydrate degrading
enzymes by gallic acid and its esters, such as ethyl gallate,
has been described with inconsistent results. According to
some authors, gallic acid showed very low or no inhibitory
activity on porcine and Bacillus sp. 𝛼–amylase on rat and
Saccharomyces sp. 𝛼–glucosidases on rat maltase [39–43].
However, other studies report that this compound shows high
inhibitory activity on rat [42, 44] and yeast 𝛼–glucosidases
[45] and on porcine 𝛼–amylase [43]. Moreover it was
found that gallic acid was able to inhibit mouse, rabbit,
and rat sucrose as well as rat maltase and trehalase [46].
Furthermore, the IC50 values of gallic acid and ethyl gallate
in the inhibition of maltase (390 𝜇M, 415 𝜇M) and sucrase
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(130 𝜇M, 660 𝜇M) in rat were considered significantly high
values [40].

This inconsistency of results could be due in part to the
diversity of enzymes and substrates used for these tests; it
has been shown that the effect of 𝛼–glucosidase inhibitors
varies according to the origin of the enzymes and the type
of substrate used. According to Oki et al. [47], to perform
the best evaluation of possible 𝛼–glucosidase inhibitors for
clinical use, mammalian enzymes and natural substrates of
each type of enzyme should be used. Results of this work
strengthen the hypothesis that these phenolic compounds
(gallic acid and ethyl gallate) could be active in the inhibition
of human 𝛼–glucosidases.

In this study, ethyl gallate and gallic acid displayed a
competitive enzymatic inhibition, in which the inhibitor
competes directly with the substrate for the binding site in
the active site of the enzyme [27]. This is one of few studies
in which the enzymatic inhibition type and Ki of naturally
occurring compounds are described on digestive enzymes
[48].

In the case of lipase inhibition, the most active com-
poundswere enriched in the organic LoEAF fraction. Further
purification by silica chromatography allowed us to obtain
a C–glycosylated flavone: isoorientin [13]. This flavonoid
displayed the best inhibitory effect and most of the fractions
that produced significant activity (C1F6, C4F3, C4F5, and
C4F6) contain high levels of isoorientin.

These kinds of C–glycosylated flavonoids have shown
high inhibition of pancreatic lipase and according to some
authors, glycosylation in position C–8 seems to significantly
increase this biological activity [42–44].

Considering that it is desirable to have reference com-
pounds to standardize a phytopharmaceutical drug, isoori-
entin could fulfil this purpose in L. octovalvis extracts with
pancreatic lipase inhibitory action.

According to a toxicity analysis of this plant, an alcoholic
extract from L. octovalvis did not display acute toxicity in
micewhen itwas tested at 5000mg/kg nor subacute toxicity at
400mg/kg during 28 days [12], which is essential in the devel-
opment of new phytomedicines. Furthermore, it is worth
mentioning that the findings of the present study validate
the traditional use of this plant species in the treatment of
diabetes and also as an alternative to synthetic drugs such as
acarbose and orlistat, since L. octovalvis displayed at least two
mechanisms of antidiabetic and antiobesity action, which are
synergistic and complementary.

Although none of the L. octovalvis treatments were
as potent as the reference drugs, there are reports where
in vitro digestive enzyme inhibition of naturally occurring
compounds is lower than acarbose or orlistat but when tested
on in vivo models, they produced similar pharmacological
activities [49, 50].

5. Conclusions

The chemical separation of L. octovalvis hydroalcoholic
extract which is bioactive in 𝛼–glucosidase and pancre-
atic lipase inhibition allowed the identification and phar-
macological characterization of one flavone (isoorientin)

with considerable inhibitory effect of pancreatic lipase and
two isolated compounds with high inhibitory effect of the𝛼–glucosidases (ethyl gallate and gallic acid). These findings
bear out one of the possible mechanisms of action by
which this medicinal plant could help in the prevention and
treatment of type 2 diabetes and obesity; therefore, these
data will be useful in the development of a potential novel
phytomedicine.
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Background. Zuo Gui Wan (ZGW) is a classic formula in traditional chinese medicine (TCM). Previous studies have shown that it
is beneficial for impaired glucose tolerance (IGT) of adults and the offspring as well. This study aimed to understand the molecular
mechanisms of the efficacy of ZGWon IGT.Methods.We used high-glucose loaded 2-cell stagemouse embryos as amodel and took
advantage of single-cell RNA sequencing technology to analyze the transcriptome of the model with or without ZGW. Differential
gene expression analysis was performed with DESeq2. Results. High glucose can downregulate genes in the ribosome pathway,
while ZGW can reverse this inhibition and as a result prevent embryo cell death caused by high glucose. Furthermore, high glucose
can affect sugar metabolism and influence mitochondrial function, but ZGW can promote sugar metabolism via the tricarboxylic
acid cycle mainly through upregulating the genes in the respiratory chain and oxidative phosphorylation. Conclusions. ZGW had a
protective effect on embryonic cell death caused by glucose loading.The reversion of inhibition of ribosome pathway and regulation
of mitochondrial energy metabolism are main effects of ZGWon high-glucose loaded embryos.This research not only revealed the
global gene regulation changes of high glucose affecting 2-cell stage embryos but also provided insight into the potential molecular
mechanisms of ZGW on the IGT model.

1. Background

Impaired glucose tolerance (IGT) is a sugar metabolism
disorder between normal glucose tolerance (NGT) and dia-
betes mellitus [1]. It is estimated that there are 308 million
people with IGT in the world [2], many more than those
diagnosed with diabetes. People with IGT can progress to
DM and are predisposed to cardiocerebrovascular disease
[3–8], microvascular disease [9], lipid metabolism disorders
[10], and chronic kidney disease [11, 12]. Therefore, it is
becoming more and more important to understand how to
prevent IGT. Currently, drugs such as Metformin, Acarbose,
and Rosiglitazone are used to treat IGT and can postpone
the occurrence of diabetes; however, they cannot prevent
corresponding complications [13–18]. Many reports have

shown that TCM might be one of the resources to develop
new methods for preventing IGT [19–25].

In a previous report, three different Chinese formulas,
Zuo Gui Wan (ZGW), You Gui Wan (YGW), and Ba Zhen
Tang (BZD), were separately used to treat pregnant Wistar
rats. After drugs were administered for three weeks, offspring
from different groups were then fed with a high-fat diet for
12 weeks. Many indices, such as fasting blood glucose
(FBG), 2-hour blood glucose (2hBG), blood lipid, fasting
serum insulin (FINS), and leptin and adiponectin (APN),
were measured. Results showed that rats on a high-fat diet
developed IGT with abnormal blood lipid, insulin resistance,
leptin resistance, and fatty liver. However, ZGW could
prevent IGT in these offspring. Compared to YGW and
BZD, which only reversed part of above indexes, ZGW
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was the most effective formula [26]. Another recent report
has also found that giving ZGW to Gestational Diabetes
Mellitus (GDM) rats can have a preventive effect on the
IGT of offspring induced by a high-fat and high-sugar
diet [27]. ZGW is a classic traditional Chinese medicine
(TCM) formula with extract from 8 traditional Chinese
medicines, which are Rehmannia glutinosa (Shu Di Huang),
Cuscuta chinensis (Tu Si Zi), Cornus officinalis (Shan Zhu
Yu), Lycium barbarum (Gou Qi Zi),Dioscorea opposita (Shan
Yao), Cyathula officinalis (Chuan Niu Xi), Cervi cornus
Colla (Lu Jiao Jiao), and Chinemys reevesii (Gui Ban Jiao).
12 main metabolites were detected in ZGW rat serum with
UPLC/MS: 𝛽-D-ribofuranuronic acid methyl ester triacetate,
5-hydroxymethyl-2-furfural glucuronide, dihydro-5-hydrox-
ymethyl-2-furfural glucuronide, 8-epiloganic acid, loganic
acid, morroniside, coumaric acid, loganin, sweroside, 3-
hydroxy-2,6,6-trimethyl-1-cyclohexene-1-carboxylic acid,
kaempferol-3-glucuronide, and cuscutamine. Of these,
morroniside and loganin could regulate rat mesangial cell
growth by reducing oxidative stress and could be used at the
early stages of diabetic nephropathy [28]. Studies have shown
that dietary kaempferol may reduce the risk of chronic
diseases, especially cancers, by augmenting antioxidants to
combat free radicals [29].

Previous studies have shown that ZGW is an effective
treatment in the IGT rat model, and it is beneficial not only
to the mother but also to the offspring [26, 27, 30]. But
the molecular mechanisms of ZGW on IGT, particularly at
the transcriptome level, are still unclear. Therefore, in this
study, we used mouse embryos loaded with high glucose
as an IGT model to study the effect of ZGW. By analyzing
the transcriptome of our IGT model treated with ZGW, we
identified ribosome pathway and oxidative phosphorylation
as the potential target molecular pathways of ZGW on IGT.
A list of potential response genes to ZGW on IGT was
also identified, and these genes provide a good resource for
further functional studies.

2. Methods

All chemicals used in this study were purchased from Sigma-
Aldrich Corporation (St. Louis, MO, USA) unless otherwise
indicated. The Institutional Animal Care and Use Commit-
tee at the China Agricultural University (Beijing, China)
approved the protocols used in this study.

2.1. Preparation of ZGW. ZGW is a classic formula in
TCM and includes the extract from 8 traditional Chinese
medicines. First, these 8 medicines were immersed in 800ml
water at 50∘C and then decocted for 1.5 hours and filtered.The
decoction and filtration were repeated two times.The filtrates
were combined and concentrated to 1 g/ml crude drug.

2.2. ZGW Serum Preparation. Rats from National Institutes
for Food and Drug Control, China (license number: SCXK-
(JING) 2009- 0017), were fed with 20 g/kg/d ZGW for 7 days.
Blood was collected directly from their hearts and incubated
at 4∘C for 30min, followed by centrifugation at 4000 rpm
for 15min at 4∘C. The serum, denoted as ZGW-containing

rat serum, was collected immediately and stored at −75∘C
before use. The concentration of ZGW rat serum used in this
research was 0.01% v/v ZGW.

2.3. Super Ovulation. For timed pregnancy, pregnant mare’s
serum gonadotropin (PMSG) (5 IU) was intraperitoneally
injected into ICR femalemice aged 6 to 8weeks. Next, human
chorionic gonadotropin (hCG) (5 IU) was intraperitoneally
injected after 48 h; on the evening of hCG injection, male
mice and the female mice (2 : 1) were housed together in a
cage for one night. The next morning, females were checked
for a vaginal plug to determine if they were pregnant.

2.4. Drug Administration and Grouping. Pregnant mice were
cervically dislocated and zygotes were washed out from
the vagina. All zygotes were randomly assigned to three
groups: control group, model group, and drug group. Each
group contained 9 zygotes. Zygotes in different groups were
cultured with media as follows: control group with cell-
culture medium, model group with cell culture medium
supplemented with high glucose 15.6mmol/L, and drug
group similar to the model group but with the addition of rat
serum containing 0.01% v/v ZGW.

2.5. Determination of Blastocyst Embryo Cell Number.
Zygotes in the three groups were cultured in vitro for five
days (blastocyst stage) and then incubated separately in M2
medium [NaCl (5.533 g/L), KCl (0.356 g/L), CaCl2⋅2H2O
(0.252 g/L), KH2PO4 (0.162 g/L), MgSO4⋅7H2O (0.293 g/L),
NaHCO3 (0.349 g/L), Hepes (4.969 g/L), sodium lactate
(2.610 g/L), sodium pyruvate (0.036 g/L), glucose (1.000 g/L),
BSA (4.000 g/L), penicillin (0.060 g/L), and streptomycin
(0.050 g/L)] containing Hoechst 33342 (10 𝜇g/mL) for 15
minutes at 37∘C. After washing three times withM2medium,
blastocysts from the three groups were separately mounted
on microscope slides and examined on an epifluorescence
microscope to count the number of embryo cell nuclei.

2.6. Sample Preparation for Single-Cell RNA Sequencing.
Zygotes from the three groups were cultured in vitro to 2-
cell stage, and three zygotes were randomly selected as a
sample from each group and stored in liquid nitrogen. Each
group was replicated three times for biological replication.
Zygotes were resuspended in freshly prepared lysis buffer
[total volume 100 𝜇l, containing 93 𝜇l nuclease-free water, 2𝜇l
TritonX-100, and 5𝜇l RNaseOUT (20U/𝜇l)]; each zygotewas
lysed with a micropipette to yield more than 7𝜇l of lysate and
the lysate stored at −80∘C.

2.7. Single-Cell RNA Sequencing and Bioinformatic Analysis.
RNA amplification was performed according to SMARTer
Ultra Low Input RNA for Illumina Kit (Clontech Labo-
ratories). Quantity and quality of amplified cDNAs were
measured with Qubit and Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA, USA). RNA sequencing was
performed using Illumina HiSeq 2500 (Shanghai Biotech-
nology Corporation, Shanghai, China). Adaptors and low-
quality sequences from raw reads were filtered using Trim
Galore! with the following parameter: stringency 6. Trimmed
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(a) (b) (c)

Figure 1: Fluorescence photomicrographs of blastocyst cells stained with Hoechst 33342. (a) Stained blastocyst cells in control group. (b)
Stained blastocyst cells in model group. (c) Stained blastocyst cells in drug group.

Table 1: Effects of ZGW rat serum on blastocyst cell number.

Group Blastocyst cell number (𝑛)
Control 68.4a ± 2.4

Model 57.2a,b ± 1.6

Drug 63.2b ± 2.2

Values are mean ± SEM. Means in column with different superscripts
indicate significant differences (𝑃 < 0.05).

reads were mapped to the mouse reference genome (mm10)
using STAR v2.5 with the following parameters: out Filter
Mismatch Nover 𝐿 max 0.05 and seed Search Start 𝐿 max
30 [31]. Raw counts of mouse RefSeq genes were acquired
with R package “Genomic Alignments” [32]. Differential
gene expression analysis was performed with DESeq2 [33].
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were performed
using Clue GO based on significantly differentially expressed
genes (false discovery rate < 0.05) fromDESeq2 [1]. Enriched
GO terms or KEGGpathways were visualizedwith Cytoscape
V3 [34].

3. Results

3.1. Blastocyst Cell Number. In the control group (Figure 1(a)),
the cells in blastocyst showed bright nuclear fluorescence.
But in the model group (Figure 1(b)), blastocysts showed
decreases in both nuclear fluorescence and the number of
nuclei. In contrast to this, in the drug group (Figure 1(b)),
both nuclear fluorescence and the number of nuclei in
blastocysts increased compared to the model group. There
were significant differences in the blastocyst cell number
between the control group and the model group (𝑃 < 0.05)
and between the model group and the drug group (𝑃 < 0.05)
(Table 1).

3.2. Summary of Transcriptome Analysis. Principal compo-
nent analysis (PCA) was able to resolve and separate the
three groups (Figure 2), indicating overall differences in the
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Figure 2: PCA of gene expression patterns for 2-cell stage embryos.
Different colors identify different groups as indicated in the legend.

patterns of gene expression in these treatments. The 𝑀𝐴-
plot (“𝑀” is for log ratios and “𝐴” is for mean average)
(Figure 3) demonstrates thatmost of the pointswere clustered
tightly around the horizontal line, indicating that RNA-Seq
data were of good quality. There were differently expressed
genes between these three groups (red dots), indicating that
expression of some genes was changed after the control
group was loaded with high glucose (Figure 3(a)) and
after the model group was treated with ZGW rat serum
(Figure 3(b)). Furthermore, by comparing the global gene
expression changes between model group and control group,
we identified 71 upregulated and 100 downregulated genes,
respectively. We then also compared the drug group to the
model group, and 115 upregulated and 174 downregulated
genes were detected (Table 2).
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Figure 3:𝑀𝐴-plot of the log 2 fold changes over the mean of RNA-Seq read counts. The log 2 fold change for a particular comparison is
plotted on 𝑦-axis and the average of the counts normalized by size factor is shown on 𝑥-axis. Each gene is represented with a dot, and genes
with FDR < 0.05 are shown in red. (a) Comparison of model group with control group. (b) Comparison of drug group with model group.

Table 2: Summary of differentially regulated gene numbers among
the three groups (FDR < 0.05).

Control Model Drug
Control N/A 100 N/A
Model 71 N/A 174
Drug N/A 115 N/A
Numbers in italic are upregulated genes, while those in bold are downregu-
lated (DOCX).

3.3. Pathway Analysis of Embryos Treated with High Glucose.
To identify the gene regulatory pathways potentially affected
when embryos were treated with high glucose, two gene
enrichment analyses were carried out for the differentially
expressed genes between the model and control groups. For
the Gene Ontology (GO) enrichment analysis (Table 3), we
found 6 enriched biological process GO terms, including
“gluconeogenesis” (GO: 0006094). For cellular components,
we found ribosome (GO: 0022625, GO: 0015934, and GO:
0022626) andmitochondrial respiratory chain (GO: 0005746)
as overrepresented terms. The insulin-like growth factor
binding (GO: 0005520) was identified as the most signif-
icant overrepresented GO term in the molecular function
category. Based on KEGG enrichment analysis, ribosome
was identified as the only significantly overrepresented
pathway with differentially expressed genes enriched in
2-cell stage of mouse embryo treated with high glucose
(Figure 4).

3.4. Gene Expression Changes in High-Glucose Loaded Embryos
Treated with ZGW Rat Serum. We used the same
enrichment analysis to analyze the potential molecular

Rpl13

Rpl36

Rpl37

Rpl26

Rpl30

Rpl32

Ribosomes

Figure 4: KEGG pathway (FDR < 0.05) enriched by the 171
differentially expressed genes in model group compared to control
group. Green colored dots are downregulated. The big dot is a sign
of the enriched pathway and the big green word is the name of the
pathway. Small green dots show the genes that are downregulated,
and the red words are the names of downregulated genes.

pathways affected by ZGW in high-glucose loaded embryos.
Based on differentially expressed genes in the drug group
compared to the model group, 22 overrepresented GO
terms were observed and 13 of them were in the molecular
function category (Table 4). These terms included hydrogen
ion transmembrane transporter activity (GO: 0015078),
cytochrome-c oxidase activity (GO: 0004129), heme-copper
terminal oxidase activity (GO: 0015002), and oxidoreductase
activity (GO: 0016676, GO: 0016675). For cellular component
terms, we found two main locations, the ribosome and
mitochondria, with terms such as ribosomal subunit (GO:
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Table 3: Summary of GO terms for differentially expressed genes between model and control groups.

Ontology source GO ID GO term Term 𝑃 value

Biological process

GO: 0034616 Response to laminar fluid shear stress 1.07𝐸 − 04

GO: 0006525 Arginine metabolic process 4.12𝐸 − 04

GO: 0034405 Response to fluid shear stress 2.18𝐸 − 03

GO: 0021885 Forebrain cell migration 1.63𝐸 − 02

GO: 0035914 Skeletal muscle cell differentiation 1.75𝐸 − 02

GO: 0006094 Gluconeogenesis 1.81𝐸 − 02

Cellular component

GO: 0022625 Cytosolic large ribosomal subunit 1.19𝐸 − 05

GO: 0015934 Large ribosomal subunit 1.53𝐸 − 04

GO: 0022626 Sytosolic ribosome 2.36𝐸 − 04

GO: 0031941 Filamentous actin 1.19𝐸 − 03

GO: 0005881 Cytoplasmic microtubule 8.66𝐸 − 03

GO: 0005746 Mitochondrial respiratory chain 1.18𝐸 − 02

Molecular function
GO: 0005520 Insulin-like growth factor binding 6.88𝐸 − 04

GO: 0016879 Ligase activity, forming carbon-nitrogen bonds 7.94𝐸 − 03

GO: 0033613 Activating transcription factor binding 9.60𝐸 − 03

15 GO terms are significantly enriched by the 171 changed genes after control group loaded by high glucose.

Table 4: Summary of GO terms for differentially expressed genes between drug and model groups.

Ontology source GO ID GO term Term 𝑃 value

Biological process GO: 1902600 Hydrogen ion transmembrane transport 2.60𝐸 − 04

GO: 0070646 Protein modification by small protein removal 6.99𝐸 − 04

Cellular component

GO: 0005732 Small nucleolar ribonucleoprotein complex 3.34𝐸 − 06

GO: 0005685 U1 snRNP 1.47𝐸 − 03

GO: 0044391 Ribosomal subunit 1.52𝐸 − 03

GO: 0005753 Mitochondrial proton-transporting ATP synthase complex 1.70𝐸 − 03

GO: 0045259 Proton-transporting ATP synthase complex 2.52𝐸 − 03

GO: 0016469 Proton-transporting two-sector ATPase complex 2.57𝐸 − 03

GO: 0044455 Mitochondrial membrane part 3.11𝐸 − 03

Molecular function

GO: 0015078 Hydrogen ion transmembrane transporter activity 1.90𝐸 − 04

GO: 0004129 Cytochrome-c oxidase activity 4.00𝐸 − 04

GO: 0015002 Heme-copper terminal oxidase activity 4.00𝐸 − 04

GO: 0016676 Oxidoreductase activity, acting on a heme group of donors,
oxygen as acceptor 4.00𝐸 − 04

GO: 0008553 Hydrogen-exporting ATPase activity, phosphorylative
mechanism 4.19𝐸 − 04

GO: 0016675 Oxidoreductase activity, acting on a heme group of donors 4.55𝐸 − 04

GO: 0030515 snoRNA binding 3.03𝐸 − 03

GO: 0036442 Hydrogen-exporting ATPase activity 3.79𝐸 − 03

GO: 0016830 Carbon-carbon lyase activity 3.95𝐸 − 03

GO: 0016814 Hydrolase activity, acting on carbon-nitrogen (but not
peptide) bonds, in cyclic amidines 4.66𝐸 − 03

GO: 0000062 Fatty-acyl-CoA binding 6.17𝐸 − 03

GO: 0019783 Ubiquitin-like protein-specific protease activity 6.26𝐸 − 03

GO: 0019843 rRNA binding 3.21𝐸 − 02

22 GO terms are significantly enriched by the 289 changed genes after model group treated with ZGW rat serum.
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Figure 5: KEGG pathway (FDR < 0.05) enriched by the 289
differentially expressed genes in drug group compared to model
group. Red means upregulated, while green means downregulated.
Big dots represent the enriched pathways and big red words are the
names of these pathways. Small red dots show the upregulated genes
and the related red words are downregulated gene names. Small
green dots show the downregulated genes and the related green
words are downregulated gene names.

0044391), small nucleolar ribonucleoprotein complex (GO:
0005732), mitochondrial proton-transporting ATP synthase
complex (GO: 0005753), and mitochondrial membrane
part (GO: 0044455). Results of KEGG enrichment analysis
showed that genes in the ribosomepathwaywere upregulated,
and some genes in the oxidative phosphorylation pathway
were also upregulated by ZGW (Figure 5).

3.5. Identification of Potential Response Genes for ZGW.
Among the 71 upregulated genes in the model group com-
pared to the control group, 14 genes were downregulated in
embryos treated with ZGW (Figure 6). These genes were
Irf6, H2afy, Smarca1, Fmr1os, Ifi27, Fam46c, Cym, Caps2,
Rassf8, Xkr4, Plac1, Xrra1, 3110001I22Rik, andA230056J06Rik
(Figure 7). No GO terms could be enriched based on these 14
genes. In the 100 downregulated genes from the model group
compared to the control group, 14 genes were upregulated in
embryos treatedwithZGW(Figure 6).TheywereKrt27,Deb1,
Myg1, Pmvk, Rpl37, Snord72, Gpalpp1, Zscan26, Rpl32, Adh1,

Slc17a1, Aurkaip1, Nop10, andCox7b (Figure 8).These 14 genes
were enriched for GO terms highly related to mitochondrial
energy metabolism (Table 5).

4. Discussion

4.1. Effects of High Glucose on Mice Embryo Development.
Ample studies have shown that high glucose can affect
embryos and block embryo development [35–37]. Research
on the mechanism of this embryo development block has
shown that high glucose can induce reactive oxygen species
and cause damage to the embryo through oxidative stress [37,
38]. In this study, we found that high glucose downregulated
several genes in the ribosome pathway (Figure 4), and
three GO terms of ribosome have been enriched based on
the differentially expressed genes between the model and
control groups. Ribosomemediates protein synthesis and the
downregulation of genes involved in the ribosome pathway in
high-glucose loaded embryos indicated that protein synthesis
might be affected. Furthermore, 2-cell stage is a key stage
betweenmaternal regulation and zygotic regulation inmouse
[39]. Downregulation of ribosomal genes at this stage could
affect the regulation of this transition.

We also found that genes involved in gluconeogenesis,
including crtc2, Ppara, and Sds, were all downregulated
in the model group. Molecular function of “insulin-like
growth factor binding (GO:0005520)” was also affected by
high glucose (Table 3). Insulin growth factors (IGFs) are
important proteins in the regulation of embryo development,
and a study showed that IGFs were main endocrine factors
in the regulation of embryo development [40]; IGF-I has
effects on metabolic regulation in embryos [41, 42]. The
gluconeogenesis process is one of the pathways regulated by
sugar in the uterus [40].

All these indicated that downregulating genes in ribo-
some pathway and affecting the sugar metabolism of mice
embryo at 2-cell stage are two of the main causes of embryo
developmental block induced by high glucose.

4.2. Efficacy of ZGW on High-Glucose Loaded Mice Embryo.
Previous studies showed that ZGW rat serum could induce
cell proliferation and differentiation [43, 44], inhibit cell
apoptosis [45], and promote germ cell and embryo devel-
opment [30, 46]. Furthermore, it has also been shown that
the administration of ZGW to GDM rats has a preventive
effect on the offspring’s IGT caused by a high-fat and high-
sugar diet [27]. In our study, we found that ZGW could
upregulate several genes in the ribosome pathway, which
were downregulated in embryos loaded with high glucose
(Figure 5).The ribosomal subunit (GO: 0044391)was also one
of the terms that been affected by ZGW (Table 4). In addition,
among the 14 downregulated genes in the model group but
upregulated in the drug group (Figure 8), Rpl32 and Rpl37
are both involved in the ribosome pathway.

Furthermore, we found that some pathways associated
with energy metabolism were altered in high-glucose loaded
embryos after treatment with ZGW. ZGW upregulated genes
in the oxidative phosphorylation pathway (Figure 5), consis-
tent with activate energy metabolism and sugar metabolism
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Figure 7: 14 genes upregulated in model group and downregulated in drug group. Read counts normalized by library size according to
DESeq2 are shown on 𝑦-axis.
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Table 5: Summary of GO terms of 14 genes downregulated in model group and upregulated in drug group.

GO ID Description 𝑞-value
GO: 0005743 Mitochondrial inner membrane 1.92𝐸 − 06

GO: 0019866 Organelle inner membrane 2.07𝐸 − 06

GO: 0005746 Mitochondrial respiratory chain 2.19𝐸 − 05

GO: 0070469 Respiratory chain 2.19𝐸 − 05

GO: 0044455 Mitochondrial membrane part 6.72𝐸 − 05

GO: 1990204 Oxidoreductase complex 1.54𝐸 − 04

GO: 0030964 NADH dehydrogenase complex 4.25𝐸 − 04

GO: 0005747 Mitochondrial respiratory chain complex I 4.25𝐸 − 04

GO: 0045271 Respiratory chain complex I 4.25𝐸 − 04

9 GO terms are significantly enriched by the 14 reversed genes in drug group.
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Figure 8: 14 genes downregulated in model group and upregulated in drug group. Read counts normalized by library size according to
DESeq2 are shown on 𝑦-axis.

in embryos. Oxidoreductase activity (GO: 0016676 and GO:
0016675), mitochondrial proton-transporting ATP synthase
complex (GO: 0005753), and mitochondrial membrane part
(GO: 0044455) were also enriched based on the differen-
tially expressed genes between the drug and model groups
(Table 4).TheGO annotation and coexpression network of 14
genes downregulated in the model group but upregulated by

ZGW in the drug group (Table 5) showed that some of them
were associated with the mitochondrial energy metabolism.

By these results, taken together with the result showing
that ZGW prevented the embryo cell death caused by high
glucose and promotes the blastocyst formation rate and total
cell numbers in blastocysts, we conclude that ZGW may
reverse the inhibition of the ribosome pathway and increase
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mitochondrial energy metabolism, which were inhibited by
high glucose, and prevent the mouse embryo cell death
caused by high glucose.

5. Conclusions

IGT can be effectively modeled using mouse embryos loaded
with high glucose, providing an effective means to explore its
pathogenesis and molecular mechanisms. By analyzing the
transcriptome of this IGTmodel treated with ZGW,we found
that high glucose might affect sugar metabolism and influ-
ence the mitochondrial function of mouse embryos at the 2-
cell stage and that ZGW can counteract this by upregulating
genes in the respiratory chain and oxidative phosphorylation.
Furthermore, ZGWcan prevent the embryo cell death caused
by high glucose through upregulating genes inhibited by high
glucose in ribosome pathway.
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In the present in vitro study, we tested the chemical composition, cytotoxicity and antidiabetic activity of two distinct extracts of wild
Artichoke-like vegetable, Gundelia tournefortii: methanol and hexane. GC/MS phytochemical analysis of G. tournefortiimethanol
and hexane extracts revealed 39 compounds reported here for the first time in G. tournefortii out of the 45 detected compounds.
Only Stigmasterol was present in both extracts.The efficacy ofG. tournefortii extracts in enhancing glucose transporter 4 (GLUT4)
translocation to the plasma membrane (PM) was tested in L6 muscle cells stably expressing myc-tagged GLUT4 (L6-GLUT4myc)
using cell-ELISA test. Results obtained here indicate that methanol and hexane extracts were safe up to 250 𝜇g/ml as measured with
MTT and the LDH leakage assays. The methanol extract was the most efficient in GLUT4 translocation enhancement. It increased
GLUT4 translocation at 63 𝜇g/ml 1.5- and 2-fold relative to the control in the absence and presence of insulin, respectively. These
findings indicate thatG. tournefortii possesses antidiabetic activity in part by enhancing GLUT4 translocation to the PM in skeletal
muscle.

1. Introduction

Plants produce a remarkably diverse array of thousands
of secondary metabolites. In addition to their roles in the
defense of plants against changing environmental conditions,
they were reported to be beneficial in treating animals and
human being diseases [1–4]. The phytochemicals, polysac-
charides, flavonoids [5], terpenoids, tannins and steroids [6],
and others, were reported to possess antidiabetic activity [2].
Metformin and resveratrol, twomain antidiabetic drugs, were
derived from medicinal plants [7].

Circulating glucose levels can be balanced through con-
trolling glucose production and utilization or through in-
creasing insulin secretion and effectiveness as well as through
increasing energy expenditure or reduction of energy intake
[8, 9]. The natural herbs for diabetes treatment focus on
lowering blood sugar and minimizing the damaging effects
of the disease.The actionmechanism(s) of antidiabetic plants
are usually insulin mimics, sensitizer, and secretagogues as

well as inhibitors of intestinal carbohydrate digestion and
absorption [2, 3, 10, 11].

Insulin sensitizers include plants that increase glucose
uptake and disposal bymuscle, fat, and hepatic cells and those
that regulate hepatic glycogen metabolism. For instance,
garlic (Allium sativum) and onion (Allium cepa) were
reported to decrease blood glucose levels by normalizing liver
glucose-6-phosphatase and hexokinase activity [12]. Black
cumin (Nigella sativa) and cinnamon (Cinnamomum
officinalis)were suggested to have insulinmimetic properties,
through enhancing insulin signaling pathway independently
of insulin [13, 14]. We had recently tested several medicinal
plants extracts mechanisms in increasing glucose uptake
and found that Trigonella foenum-graecum, Urtica dioica,
Atriplex halimus, Cinnamomum officianalis, and Ocimum
basilicum increase glucose disposal by enhancing the
glucose transporter 4 (GLUT4) translocation to the plasma
membrane [9, 10].
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Glucose uptake into skeletal muscle is mediated by the
facilitative glucose transporter-4 (GLUT4), a membrane pro-
tein that continuously recycles between intracellular vessels
and the plasma membrane (PM). Insulin primarily enhances
the rate of GLUT4 exocytosis towards and fusion with the
PM, a process termed GLUT4 translocation that results in a
gain in PM GLUT4 [8].

Wild Artichoke-like vegetable, Gundelia tournefortii, is
one of the traditional used antidiabetic herbs. G. tournefortii
is an edible spiny, thistle-like plant native to the Middle East
and other areas ofWestern Asia [15]. It is considered as one of
the highest cultural importance valuable eatable wild species
in Palestine [16]. In the Greco-Arab medicine, G. tournefortii
has been used for different pathological conditions including
inflammation and antibiotic resistant inhibitor [17], hepato-
protective and blood purifier [18], and hypolipidemic and
antioxidant agent [15], as well as antidiabetes herb [19, 20].
G. tournefortii antidiabetic activity was evaluated in dexam-
ethasone induced diabetic mice. Oral administration of G.
tournefortii to the dexamethasone induced diabetic mice led
to a significant decrease in serum glucose levels (as well as
triglyceride and cholesterol) [21].

The aim of the present study was to evaluate the chemical
composition of G. tournefortii extracts by GC/MS and deter-
mine if GLUT4 translocation plays a role in its antidiabetic
effect.

2. Materials and Methods

2.1. Materials. All tissue culture reagents including fetal
bovine serum and standard culture medium 𝛼-MEM (modi-
fied Eagle’s medium) were purchased from Biological Indus-
tries (Beit Haemek, Israel). Horseradish peroxidase (HRP)-
conjugated goat anti-rabbit antibodies were obtained from
Promega (Madison, WI, USA). Polyclonal anti-myc (A-14)
and other standard chemicals were purchased from Sigma.

2.2. Plant Extract Preparation. Gundelia tournefortii (aerial
parts) were collected from the Galil area in Israel in March
2016. Forty grams of the air-dried aerial parts ofG. tournefor-
tii were powdered and packed in an Erlenmeyer. The Erlen-
meyers were then sonicated for 2 hours at 50∘C and left in
dark glass bottles for 24 h for complete extraction hours to
give a dark green extract. The hexane extract was filtered and
evaporated to dryness under pressure at 50∘C and dissolved
in DMSO for in vitro studies. Rotary vacuum evaporator was
used to concentrate the methanol extract. The yield of the
extracts was found to be 3.2% and 1.8% for the methanol and
hexane extracts, respectively. The stock extracts were kept at
−20∘C in airtight glass container.

2.3. Silylation Derivatization. One milliliter of each extract
was transferred to a 2mL glass vial, and the solvents were
evaporated under a stream of nitrogen at room tempera-
ture. A 150 𝜇L of N,O-Bis(trimethylsilyl)trifluoroacetamide
(BSTFA) containing 1% trimethylchlorosilane reagent used
for GC silylation derivatization (>99%, Sigma-Aldrich) was
added to each dry Gundelia tournefortii crude extract fol-
lowed by heating up to 70∘C for 20 minutes [10, 22]. One

microliter of each derivatized sample was injected into the
gas chromatograph coupled with mass selective detector
(GC/MS).

2.4. Gas Chromatography-Mass Spectrometry Analysis. Solu-
tions of Gundelia tournefortii from methanol and hexane
extracts were ran and identified using HP5890 Series II GC
equipped with a Hewlett-Packard MS Engine (HP5989A)
single quadrupole MS, HP7673 autosampler, HP MS-DOS
Chemstation, and HP-5MS capillary column (0.25 𝜇m × 15m
× 0.25mm) with Triple-Axis Detector. The GC was operated
on an Agilent J&W GC column HP-5 column (30m ×
0.32mm, i.d. with 0.25𝜇mfilm thickness).The injection port
temperature was 180∘C and the initial temperature was 40∘C
for 6min, followed by gradient 20∘C/min until 140∘C and
then gradient 10∘C/min until 200∘C, and hold on to this
temperature for 3min.TheMS parameters were 180∘C for the
source temperature and 280∘C for the transfer line, positive
ion monitoring, and EI-MS (70 eV)[10].

2.5. Identification of Components. The percentages of the
phytochemical components were calculated from the GC
peak areas by normalization. Library searches were carried
out using the Mass Spectral Library of the National Institute
of Standards and Technology (NIST, Gaithersburg, USA) or
with mass spectra extracted from the literature [10].

2.6. Cell Culture. Rat L6 muscle cell lines genetically mod-
ified to express myc-tagged GLUT4 (L6-GLUT4myc) stably
were maintained in myoblast monolayer culture [7]. Cells
were grown under 95% air and 5% CO

2
atmosphere in

𝛼-MEM accompanied with 10% fetal bovine serum (FBS),
0.1mg/ml streptomycin, and 0.1mU/ml penicillin.

2.7. MTT Assay. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazoliumbromide) is a water soluble tetrazolium
salt. Once delivered to the mitochondria, it is converted to
an insoluble purple formazan by succinate dehydrogenase. As
such, the formazan product accumulates only in healthy cells
[23].The assay was optimized for the L6-GLUT4myc cell line
as described previously [10]. Cells (2× 104/well) were plated in
200𝜇l of medium/well in 96-well plates and were allowed to
attach to the plate for 24 h.The cells were incubated then with
the Gundelia tournefortii extracts (0-1mg/mL) for additional
24 h. The cell medium was then replaced with 100 𝜇l fresh
medium/well containing 0.5mg/mL MTT and cultivated for
4 h darkened in the cells incubator. The supernatant was
removed and 100 𝜇l isopropanol/HCl (2% HCl (0.1M) in
isopropanol) was added per well. The absorbance at 620 nm
was measured with microtiter plate reader (Anthos). Two
wells per plate without cells served as blank. All experiments
were repeated three times in triplicate.The effect of the plants
extracts on cell viability was expressed using the following
formula:

Percent viability

= (A620 nm of plant extract treated sample
A620 nm of none treated sample

)
∗ 100.

(1)
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2.8. Lactate Dehydrogenase Assay (LDH). LDH, a cytoplas-
mic enzyme, release is the consequence of cell membrane
breach. The activity of LDH released to the cell culture
mediumwas monitored following the formation of formazan
at 492 nm according to the manufacture kit (Promega) and
was described earlier [10]. Cell membrane breachwas defined
as the ratio of LDH activity in the cell culture medium
of treated cells relative to the LDH activity released in the
control cells. L6-GLUT4myc cells (2× 104/well) were plated in
200𝜇l of medium/well in 96-well plates and were allowed to
attach to the plate for 24 h.The cells were incubated then with
the Gundelia tournefortii extracts (0-1mg/mL) for additional
24 h and the LDH activity in themediumwas thenmeasured.
50 𝜇l from each well was transferred to a new 96-well plate
and the enzyme reaction was carried out according to the
manufacture kit (CytoTox 96, Promega). The experiments
were performed in triplicate.The following formula effect was
used to calculate the plant extracts effect on cell viability:

Percent viability

= (A492 nm of plant extract treated sample
A492 nm of control

)
∗ 100.

(2)

2.9. Determination of Surface GLUT4myc. Surface myc-
tagged GLUT4 was measured in intact cells as described
previously [10, 24] using anti-myc antibody followed by
horseradish peroxidase conjugated secondary antibody. L6-
GLUT4myc cells grown in 24-well plates for 24 h followed by
addition of the plant extracts for 20 h and serum-starvation
for 3 h (including the plant extracts) were treated with or
without 1𝜇M insulin for 20min. The cells were washed
twice with ice-cold PBS and immediately fixed with 3%
paraformaldehyde for 15min, blocked with 3% (v/v) goat
serum for 10min, incubated with polyclonal anti-myc anti-
body (1 : 200) for 1 h at 4∘C, washed 10 times with PBS and
incubated with goat anti-rabbit-secondary antibody conju-
gated with horseradish peroxidase (1 : 1000) for 1 h at 4∘C, and
then washed 10 times with PBS at room temperature. One
milliliter of o-phenylenediamine dihydrochloride reagent
was added to each well and incubated in the dark at room
temperature for 20–30min. 0.5ml of 3M HCl was added to
eachwell to stop the reaction. 100𝜇l from eachwell was trans-
ferred to 96 well plates and the absorbance was measured
at 492 nm. Background absorbance obtained from 3 wells in
each 24-well plate untreated with anti-myc antibody was
subtracted from all values.

3. Results and Discussion

Glucose transporter 4 (GLUT4) continuously recycles be-
tween intracellular stores (vesicles) and the plasma mem-
brane (PM). Insulin shifts GLUT4 translocation towards
the PM while glucagon shifts GLUT4 translocation towards
the intracellular stores [8, 25, 26]. Several traditional used
antidiabetic medicinal plants were reported to exert their
hypoglycemic effects through increasing glucose transporter
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Figure 1: Total ion chromatogram (TIC) of G. tournefortii hexane
extract.

(GLUT) translocation to the plasma membrane in muscle,
liver, and hepatic tissue [25, 26]. Although, G. tourne-
fortii is recommended by herbal and integrative practi-
tioners for the treatment of diabetes [19, 20] the action
mechanism whereby G. tournefortii exerts its hypoglycemic
effects is still unknown. Therefore, the present study was
conducted to evaluate the role of GLUT4 translocation in
the observed antidiabetic G. tournefortii effects. Two G.
tournefortii extracts (methanol and hexane) were prepared
and their effects on GLUT4 translocation were measured in
L6 skeletal muscle cell line, in the present and absence of
insulin. Moreover, the chemical composition of G. tournefor-
tii extracts was analyzed via GC/MS, highlighting potential
antidiabetic compounds in G. tournefortii extracts.

3.1. G. tournefortii Chemical Composition. Resolution, selec-
tivity, and elution time were obtained on the capillary GC
HP-5 column. We noticed sharp peaks culminated. The
derivatization of the secondary metabolites of G. tournefortii
seemed to be helpful due to presence of polar phytochemicals.
Typically, upon derivatization, volatile and stable compounds
are generated with amenable properties to GC/MS analysis.
Figures 1 and 2 show the total ion chromatograms (TICs) of
the hexane and methanol extracts.

Phytochemical screening using GC/MS in the electron
impact mode (EI) revealed 46 compounds in G. tournefortii
methanolic (Table 1) and hexane extracts (Table 2), including
sterols, esters, phenolic, saturated and unsaturated fatty
acids, and aromatic compounds. 39 out of the 45 detected
compounds are reported for the first time in G. tournefortii
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Table 1: Phytochemicals of Gundelia tournefortii from methanol extract verified by GC/MS.

# Compound name RT (minute) Peak area% % of similarity∗

(1) Aminoethanol 9.87 0.93% 91
(2) Glycerol 9.99 3.59% 76
(3) L-Isoleucine 10.255 0.45% 91
(4) Succinic acid 10.6 2.2% 72
(5) Glyceric acid 10.75 0.68% 91
(6) Fumaric acid 11.05 0.46% 86
(7) DL-serine 11.15 0.95% 94
(8) 2-Piperidine carboxylic acid 11.198 0.58% 94
(9) Threonine 11.46 0.52% 90
(10) Malic acid 12.79 7.58% 91
(11) Asparagine 14.94 6.15% 99
(12) Xylitol 15.05 0.28% 83
(13) Arabitol 15.32 1.12% 94
(14) D-Ribofuranose 16.23 3.96% 74
(15) D-Galactofuranose 16.625 0.45% 80
(16) Lyxose 17.1 6.88% 80
(17) Sorbitol 17.42 1.36% 91
(18) Inositol 17.7 5.09% 93
(19) Glucopyranose 18.00 5.01% 89
(20) D-Gluconic acid 18.15 2.61% 70
(21) Palmitic acid 18.61 0.95% 70
(22) Linoleic acid 20.069 0.66% 91
(23) L-Tryptophan 20.135 1.22% 87
(24) Methyl 𝛼-D-glucopyranoside 23.23 7.04% 72
(25) D-Xylonic acid 24.17 0.33% 83
(26) Stigmasterol 27.58 0.24% 99
∗% of similarity relative to the reference library in the GC/MS.
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Figure 2: Total ion chromatogram (TIC) of G. tournefortiimethanol extract.
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Table 2: Phytochemicals of Gundelia tournefortii from hexane extract verified by GC/MS.

Number Component name RT (minutes) Peak area% % of similarity∗

(1) Propanoic acid 12.77 0.34% 64
(2) Cetanol 17.78 1.48% 94
(3) Ethyl icosanoate 18.18 0.58% 87
(4) Tetradecanoic acid 18.613 5.06% 64
(5) Octadecan-1-ol 19.556 2.2% 97
(6) (E)-3,7,11,15-Tetramethylhexadec-2-en-1-ol 19.714 4.68% 86
(7) 𝛼-Linolenic acid 20.152 9.38% 99
(8) Stearic acid 20.317 0.95% 80
(9) Oleamide 21.74 1.37% 94
(10) Eicosanoic acid 21.906 0.71% 72
(11) 5-Octadecene 22.402 0.51% 87
(12) Di-n-Octyl Phtalate 22.76 1.99% 72
(13) Tetracosan-1-ol 24.09 1.09% 90
(14) Hexacosan-1-ol 25.414 15.07% 81
(15) Heptacosane 26.39 1.05% 91
(16) Octacosan-1-ol 26.623 9.15% 97
(17) Stigmasterol 27.599 4.73% 96
(18) 𝛽-sitosterol 27.95 1.91% 66
(19) 12-Oleanen-3-yl acetate 28.791 2.69% 94
(20) Hop-22(29)-en-3beta-ol 29.67 1.97% 80
∗% of similarity relative to the reference library in the GC/MS.

(Tables 1 and 2). Six components, namely, Stigmasterol (Pub-
Chem CID: 5280794), 𝛽-Sitosterol (PubChem CID: 222284),
Palmitic acid, Linoleic acid, 𝛼-Linolenic acid, and Stearic acid
were reported elsewhere [19]. Only one mutual compound,
Stigmasterol, was mutual in the two extracts (Table 1). The
GC/MS analysis revealed seven major components in each
extract of the hexane and methanol (Figures 3 and 4).

3.2. G. tournefortii Extracts Toxicity. MTT and LDH leakage
assays were used to evaluate the nontoxic concentrations of
the methanol and hexane G. tournefortii extracts. The plant
extracts toxicity was tested in vitro in L6-GLUT4myc cells.
Cells were seeded in 96 well plates and were subjected to
increasing concentrations of the extracts (0-1mg/ml) for 24
hours. Extracts concentrations that led to less than 5% cell
death were considered safe. Hexane (Figure 5) and methanol
(Figure 6) extracts were found to be safe up to 250 𝜇g/ml.The
efficacy studies were performed at concentrations less than
the safe concentration for each extract.

3.3. Effects of G. tournefortii Extracts onGLUT4Translocation.
Skeletal muscle and liver are the primary tissues responsible
for dietary glucose uptake and disposal. In muscle and
adipose tissues, insulin promotes the exocytic traffic of
intracellular GLUT4 vessels towards the plasmamembrane to
elicit a rapid increase in glucose uptake [8, 25, 26]. In insulin
resistance and diabetes type II, insulin fails to promote
GLUT4 translocation to the PM. Some of the antidiabetic
synthetic drugs and medicinal plant-based products bypass

the insulin resistance by increasing GLUT4 translocation in
insulin dependent or independent pathway [4].

The involvement of glucose transporter (GLUT4) in the
observed antidiabetic effects of G. tournefortii extracts was
evaluated here by applying the GLUT4 translocation assay.
Insulin increases GLUT4 translocation to the surface of
myoblasts, where it mediates the increase in glucose uptake
[8, 26]. L6 skeletal muscle cell lines expressing myc epitope at
the exofacial loop of the glucose transporter 4 (GLUT4),
named L6-GLUT4myc, were used as a model to follow
GLUT4 translocation to the plasma membrane [8]. The
extracts were added to the L6-GLUT4myc cells in the pres-
ence or absence of insulin and GLUT4myc translocation to
the plasma membrane was assessed as described in Methods.
Results obtained indicate that, inmuscle L6-GLUT4myc cells,
insulin-independent (basal) as well as insulin dependent
GLUT4 translocation to the PM is significantly increased in
response to G. tournefortii. extracts (especially the methanol
extract). Insulin enhanced GLUT4 translocation about 150%
(Figures 7 and 8) as reported elsewhere [8].

The hexane extract was found to have the lowest effects
on GLUT4 translocation, and only 16% increase of GLUT4
translocation was obtained at 32𝜇g/ml and 63𝜇g/ml G.
tournefortii hexane extracts in the absence of insulin. A
similar effect was appreciated in the presence of insulin
(Figure 7). Methanol extract (63 𝜇g/ml) increased GLUT4
translocation to the PM by about 1.5 and 2 times in the
absence and presence of insulin, respectively (Figure 8).

One of the detected compounds in G. tournefortii was
palmitic acid. Intestinally, palmitic acid was recently reported
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Figure 5: Effect of G. tournefortii hexane extract on cell viability
by MTT and LDH leakage assays. L6-GLUT4myc cells (20,000
cell/well) exposed to methanol extract for 20 h. Values given
represent means ± SEM (% of untreated control cells) of three
independent experiments carried out in triplicate.
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Figure 6: Effect of G. tournefortiimethanol extract on cell viability
by MTT and LDH leakage assays. L6-GLUT4myc cells (20,000
cell/well) exposed to hexane extract for 20 h. Values given represent
means ± SEM (relative to untreated control cells) of three indepen-
dent experiments carried out in triplicate.

by our group to be found in three deferentOcimum basilicum
L. extracts (methanol, hexane and dichloromethane). Oci-
mum basilicum was reported as antidiabetic herb and
palmitic acid was suggested to take an essential role in the
plant extracts antidiabetic activity [10]. Concomitantwith our
previous reported results, palmitic acid was detected only in
the MeOH extract of G. tournefortii, that enhanced GLUT4
translocation much more than the hexane extract.

4. Conclusion

The extent of increase in insulin-stimulated GLUT4 translo-
cation was additive to that of basal GLUT4 translocation in
G. tournefortii-exposed cells, suggesting a possible synergistic
effect between G. tournefortii active ingredients and insulin.
Alternately, G. tournefortii active ingredients might activate
GLUT4 translocation in noninsulin dependent pathway, such
as AMPK pathway. It is possible then that G. tournefortii
active ingredients might possess “insulin-like” or “insulin-
sensitizing” activity/compounds. It is essential to dissect
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Figure 7: GLUT4 translocation to the plasma membrane. For the
evaluation of the GLUT4 L6-GLUT4myc, cells (150,000 cell/well)
were exposed to hexane extract for 20 h. Serum depleted cells were
treated without (−) or with (+) 1 𝜇M insulin for 20min at 37∘C
and surface myc-tagged GLUT4 density was quantified using the
antibody coupled colorimetric assay. Values given represent means
± SEM (relative to untreated control cells) of three independent
experiments carried out in triplicate.
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Figure 8: GLUT4 translocation to the plasma membrane. For the
evaluation of the GLUT4 L6-GLUT4myc, cells (150,000 cell/well)
were exposed to MeOH extract for 20 h. Serum depleted cells were
treated without (−) or with (+) 1 𝜇M insulin for 20min at 37∘C
and surface myc-tagged GLUT4 density was quantified using the
antibody coupled colorimetric assay. Values given represent means
± SEM (relative to untreated control cells) of three independent
experiments carried out in triplicate.

G. tournefortii active compounds in order to identify its
cellularmolecular target and point out its specific antidiabetic
mechanism and cellular pathway(s).
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Background. Type II diabetes is on the rise while obesity is one of the strongest risk factors of type II diabetes. The search for
a drug for type II that can equally mitigate obesity related complication is desired. Methods. The acetone leaf extract of Senna
italica was evaluated for its cytotoxic, antiglycation, and lipolytic effect, glucose uptake, and GLUT4 translocation and expression
using publishedmethods, while that for adipogenesis and protein expression levels of obesity related adipokines was assessed using
adipogenesis assay andmouse adipokine proteome profiler kit, respectively.The possiblemechanism of glucose uptake was assessed
through the inhibition of PI3K pathway. Results. The extract had no adverse effect on 3T3-L1 cell viability (CC50 > 1000 𝜇g/ml).
High antiglycation effect was attained at 10mg/ml, while at 25–200 𝜇g/ml it showed no significant increase in adipogenesis and
lipolysis.The extract at 100 𝜇g/ml was shown to decrease the expression levels of various adipokines andminimal glucose uptake at
50–100 𝜇g/mlwith a nonsignificant antagonistic effect when used in combinationwith insulin. GLUT4 translocation and expression
were attained at 50–100𝜇g/ml with an increase in GLUT4 expression when in combination with insulin. Conclusion. The acetone
leaf extract of S. italica stimulates glucose uptake through the PI3K-dependent pathway and can serve as a source of therapeutic
agent for the downregulation of obesity-associated adipokines in obesity and antiglycation agents.

1. Introduction

Diabetes mellitus (DM) is a group of metabolic disorders
characterised by a hyperglycaemic condition resulting from
defects in insulin secretion, insulin action, or both [1]. The
condition occurs in three forms, namely, types I and II and
gestational diabetes. Type II diabetes is on the rise as a global
health problem. Several pathogenic processes are involved in
the development of diabetes. These range from autoimmune
destruction of the 𝛽-cells of the pancreas with consequent
insulin deficiency, to abnormalities that result in resistance to
insulin action inmajor target organs such as the liver, muscle,
and adipose tissue [2, 3].

Obesity on the other hand is associated with type II
diabetes, due to its link with induced insulin resistance [4].
The incidence of insulin resistance is on the rise worldwide,
hand-in-hand with the rise in obesity [5]. However, the
relationship between obesity and insulin resistance is not

completely understood. Diabetes is associated with serious
long-term complications which can lead to chronic morbidi-
ties and mortality [6]. A nonenzymatic process known as
glycation on the other hand becomes accelerated as a result
of persistent elevated plasma glucose levels which occur in
diabetic patients.

Theuse of naturalmedicines appears to offer bettermeans
of managing diseases at lower cost [7, 8]. Senna italica, with
synonyms Cassia italica and Acacia obovata belongs to the
family of Fabaceae. Senna species have been of extreme
interest in phytochemical and pharmacological research due
to their excellent medicinal values. They are well known in
folk medicine for their laxative and purgative effect. Besides,
they have been found to exhibit anti-inflammatory, antiox-
idant, hypoglycemic, antiplasmodial, larvicidal, antimuta-
genic, and anticancer activities [9]. Furthermore, antioxidant
constituents in plants were shown to play a critical role in
the management of diabetes mellitus [10]. This study was
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therefore aimed at evaluating the potential effect of S. italica
on GLUT4 translocation, expression, and adipogenesis in
3T3-L1 preadipocyte cells.

2. Materials and Methods

2.1. Plant Collection and Preparation. The leaves of S. italica
were collected from Zebediela region, Limpopo Province,
South Africa. The plant material with Voucher specimen
number UNIN11129 is deposited at the Larry Leach Herbar-
ium of the University of Limpopo. Dried plant material
was ground into a fine powder using a commercial electric
blender and stored in air-tight bottles. Twenty grams of leaf
material was extracted with 200ml acetone (Sigma-Aldrich,
Germany). The mixture was shaken overnight at room
temperature using a Series 25 shaking incubator machine
(New Brunswick Scientific Co. Inc., USA) set at 200 rpm.
The extraction procedure was repeated three times in order
to extract as much components as possible. The extract was
filtered using Whatman no. 1 filter paper and dried under a
stream of cold air. The dried extract material was stored in
preweighed vials for further use.

2.2. Determination of Anti-Glycation Activity. Antiglycation
activity of S. italica acetone leaf extract was determined using
bovine serum albumin (BSA) assay according to [11] with
minor modifications. Briefly, BSA (1mg/ml) was incubated
with fructose (500mM) in phosphate buffer (PB) containing
0.02% of sodium azide at pH 7.4 for 30 days at 37∘C. The
incubation was conducted in the presence and absence of
the plant extract (1.25–10mg/ml). Incubations without plant
extract served as a negative control and arbutin was used as
a standard inhibitor. Corresponding blanks were prepared
in the absence of fructose. The reaction was terminated
by adding 10 𝜇l of 100% trichloroacetic acid (TCA) and
centrifuged (13,000 rpm) at 4∘C for 4min. The supernatant
was then discarded and the pellet was redissolved in 500 𝜇l
of alkaline phosphate buffer saline (PBS) (Thermo-Fisher
Scientific, USA) at pH 10. Fluorescence was measured using
Glomax Microtiter Plate Reader (Promega, USA).

2.3. Cytotoxicity Assay. The effect of S. italica acetone leaf
extract on viability of 3T3-L1 preadipocyte cells was evalu-
ated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) assay [12]. The cells were plated
at a density of 5 × 103 cells/well in Dulbecco’s minimum-
eagle’s medium (DMEM) (Thermo-Fisher Scientific, USA)
supplemented with 10% foetal bovine serum, FBS (Thermo-
Fisher Scientific, USA). The plated cells were treated with
various concentrations (25–800 𝜇g/ml) of S. italica acetone
leaf extract in 96-well microtiter plates (Whitehead Scientific,
RSA) and incubated at 37∘C in a humidified incubator (5%
CO
2
) for 24 and 48 h. Thereafter, the treatment media was

removed. Two mg/ml of MTT (Sigma-Aldrich, Germany)
solution was added to each well and incubated for 4 h. The
MTT solution was removed from the wells and 100𝜇l of
dimethyl sulfoxide (DMSO) was added to each well and
agitated to dissolve the formazan deposit.The absorbancewas

recorded using a Glomax Microtiter Plate Reader (Promega,
USA) at 560 nm.

2.4. Differentiation of 3T3-L1 Preadipocytes. 3T3-L1 preadi-
pocytes were differentiated as described by [13]. The cells
were treated with adipocyte differentiation media contain-
ing 10% FBS (Thermo-Fisher Scientific), 1𝜇M dexametha-
sone (DEX) (Sigma-Aldrich, Germany), 0.5mM 3-isobutyl-
1-methylxanthine (Sigma-Aldrich, Germany), and 1𝜇g/ml
insulin (Sigma-Aldrich, Germany) for 3 days. Thereafter,
the differentiation media was substituted with adipocyte
maintenance media (DMEM, 10% FBS, and 1 𝜇g/ml insulin)
for a further 2 days. On day 5 the adipocyte maintenance
medium was substituted with DMEM containing 10% FBS
and cells were cultured until day 8. On day 8 the cells were
fully differentiated to mature adipocytes.

2.5. Lipolysis Assay. Cells were seeded in a 96-well plate
(20,000 cells/ml) and differentiated. After differentiation, the
cells were washed twice with lipolysis wash buffer (Sigma-
Aldrich, Germany) and then treated with various concentra-
tions (25–200𝜇g/ml) of S. italica acetone leaf extract. Hun-
dred micromolar isoproterenol was used as a positive control
and untreated cells as negative control. Plates were incubated
at 37∘C in a 5% CO

2
atmosphere for 3 h. Fifty microliters of

the treatment from each well was aspirated and transferred
to a new 96-well assay plate and mixed with lipolysis
assay reaction mix (Sigma-Aldrich, Germany) and further
incubated for 30min at room temperature. To measure the
amount of glycerol released, absorbance was recorded using
Glomax Microtiter Plate Reader (Promega, USA) at 560 nm.

2.6. Adipogenesis. Cells were seeded in a 96-well plate
(20,000 cells/ml) and incubated to form a confluent mono-
layer. The cells were thereafter treated with different concen-
trations of S. italica acetone leaf extract for 48 h. Adipocyte
differentiationmedium (ADM)was used as a positive control
and untreated cells as negative control. After 48 h treatment,
the medium was removed and cells were washed once with
PBS.Hundredmicroliters of lipid extraction bufferwas added
in each well, plate sealed, and incubated for 30min at 90∘C.
Theplate was cooled and agitated to homogenise the solution.
Fifty microliters of each treatment was added to a new 96-
well assay plate and 2 𝜇l of lipase solution (Sigma-Aldrich,
Germany) was added to each well and incubated for 10min
at room temperature.Thereafter, 50𝜇l of adipogenesis master
mix was added to each well and further incubated for 30min.
In order tomeasure the amount of accumulated triglycerides,
absorbance was recorded using Glomax Microtiter Plate
Reader (Promega, USA) at 560 nm.

2.7. Mouse Adipokine Array Dot Blot. Cells were grown in
75 cm2 flasks (White Scientific, RSA) and differentiated. After
differentiation, cells were treated for 24 h with S. italica
acetone leaf extract (100 𝜇g/ml) with or without 100 ng/ml
lipopolysaccharide (LPS). Lipopolysaccharide alonewas used
as a positive control and untreated cells used as a nega-
tive control. Cells were washed with PBS and lysed with
lysis buffer (1% Igepal CA-630, 20Mm Tris-HCl (pH 8.8),
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137mM NaCl, 10% glycerol, and complete EDTA-free pro-
tease inhibitor cocktail) using tissue lyser (Retsch., Germany)
for 5min and centrifuged at 13,000 rpm for 10min at 4∘C
(Whitehead Scientific, RSA). The expression of adipokines
in the cells was determined using the mouse adipokine
profiler assay kit according to themanufacturer’s instructions
(R&D Systems). Briefly, membranes were blocked for 1 h on a
rocking platform shaker. Protein samples (500𝜇g) were pre-
pared and 15 𝜇l of reconstituted mouse adipokine detection
antibody cocktail was added to each prepared sample, mixed,
and incubated at room temperature for 1 h. Sample/antibody
mixtures were then added and incubated overnight at 2–8∘C
on a rocking platform shaker. After incubation, membranes
were washed with wash buffer and 2ml of streptavidin-
HRP in Array Buffer 6 (1 : 2000) was added into each
membrane and incubated for 30min at room temperature on
a rocking platform shaker. Each membrane was then washed
and removed from its wash container allowing excess wash
buffer to drain from the membrane. The membranes were
detected using ChemiDoc XRS Image Analyser (Bio-Rad,
USA).

2.8. Glucose Uptake Assay. Glucose uptake assay was mea-
sured using the method of [14] with slight modification.
Briefly, 3T3-L1 preadipocytes cells were cultured and dif-
ferentiated, after which they were untreated/pretreated with
50 𝜇M of LY294-002 for 30min to inhibit PI3K. The cells
were further incubated in Krebs-Ringer bicarbonate buffer
(110mM NaCl, 4.4mM KCl, 1.45mM KH

2
PO
4
, 1.2 MgCl

2
,

2.3 CaCl
2
, 4.8mMNaHCO

3
, 10mMHEPPES, and 0.3%BSA)

containing 50 𝜇g/ml and 100 𝜇g/ml S. italica acetone extract
with and without insulin for 4 h. Insulin (1 𝜇M) was used as
a positive control and untreated cells as a negative control.
Glucose oxidase (ITinder-GOD/PAP) (KAT Medical, RSA)
was thereafter added and incubated for 20min at 37∘C.
The absorbance was recorded using Glomax Microtiter Plate
reader (Promega, USA) at 560 nm.

2.9. GLUT4 Translocation Assay. Cells were seeded in a
corning cell bind 24-well plate (20,000 cells/ml) and dif-
ferentiated. After differentiation, the cells were treated with
50 𝜇g/ml and 100 𝜇g/ml of S. italica acetone leaf extract in the
presence or absence of 1𝜇M insulin for 4 h. Untreated cells
were used as negative control and 1 𝜇M insulin as positive
control. After treatment, cells were washed and blocked with
0.5% bovine serum albumin (BSA) and incubated with rabbit
polyclonal GLUT4 primary antibody (1 : 200) (Santa Cruz
Biotechnology, USA) for 30min at 37∘C. After 30min, cells
were washed and further incubated with goat anti-rabbit
IgG FITC (conjugated) (Santa Cruz Biotechnology, USA) for
30min in the dark at room temperature. Cells were then
washed with PBS and images were captured by fluorescence
microscope (Nikon, Japan) at 40x magnification.

2.10. Western Blotting. 3T3-L1 preadipocytes were seeded at
a density of 2 × 104 cells/ml in a 25 cm2 cell culture flask
(Whitehead Scientific, RSA). Cells were then treated for 24 h
(5% CO

2
, 37∘C) with 50𝜇g/ml and 100 𝜇g/ml of S. italica

acetone leaf extract in the presence and absence of 1𝜇M

insulin. Insulin (1𝜇M) was used as a positive control. After
treatment, cells were then washed with PBS and lysed with
lysis buffer (1% N-P40, 50mM Tris-HCl (pH 8.8), 150mM
NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulphate (SDS), and complete EDTA-free protease inhibitor
cocktail) using tissue lyser (Retsch., Germany) for 5min
and centrifuged at 13,000 rpm for 10min at 4∘C (Whitehead
Scientific, RSA).The supernatant was transferred into a clean
2ml tube and protein concentration was determined using
the detergent compatible (DC) protein assay (Bio-Rad, USA).
This was followed by separating 30 𝜇g of the total protein
using 12% SDS-PAGE (Bio-Rad, USA) before transferring
the gels onto the membrane. Membranes were immersed in
transfer buffer (Bio-Rad, USA) and 100%methanol for 2min.
The gel was then transferred to the membranes using trans-
blot turbo transfer system (Bio-Rad, USA). After transfer-
ring, the bands were visualised using ponceau stain (Sigma-
Aldrich,Germany).Thenmembranewaswashed andblocked
with 5% skimmed milk for 90min followed by incubation
with GLUT4 mouse monoclonal antibody (Cell Signaling,
RSA) 1 : 500 dilutions at 4∘C overnight. After incubation the
membrane was washed with TBST followed by incubation
with goat anti-rabbit antibodies (Santa Cruz Biotechnology,
USA) 1 : 4000 dilutions for 90min at room temperature. The
membrane was washed and substrate was added. Antigen
antibody complex was visualised by photo-detection using
the Syne-Gene Image Analyser (Bio-Rad, USA).

2.11. Statistical Analysis. GraphPad Instat Software was used
for statistical analysis. The results were obtained from three
independent replicate experiments and expressed as means ±
SEM.The statistical significance of the resultswas tested using
one-way ANOVA employing the Tukey-Kramer Multiple
Comparisons Test. Statistical significance was considered at
𝑝 < 0.05.

3. Results

3.1. Antiglycation Effect of S. italica Acetone Leaf Extract. The
ability of the extract and arbutin to inhibit glycation was
comparable to the control and was significantly high at all
concentrations (𝑝 < 0.001). Antiglycation was concentra-
tion-dependent for both arbutin and the plant extract. The
extract exhibited a significantly high glycation ability com-
pared to arbutin (Figure 1).

3.2. Effect of S. italica Acetone Leaf Extract on Viability of
3T3-L1. The plant extract at both 24 and 48 h of treatment
was not cytotoxic on 3T3-L1 cells at the concentrations used
in the study. However, prolonged incubation with increased
concentration of the extract affected cell viability. The CC

50

values of the extract at 24 and 48 h were >1000 𝜇g/ml,
Figure 2.

3.3. Effect of S. italica Acetone Leaf Extract on Lipolysis. The
results show that lipolytic activity of the extract decreases
with increase in concentration in comparison with the con-
trol (Figure 3). Isoproterenol resulted in significant lipolytic
activity compared to the control (𝑝 < 0.01).
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Figure 1: Effect of S. italica on fluorescence intensity of glycated
BSA. Fructose and BSA were incubated with various concentrations
of S. italica 1.25–10mg/ml. The experiment was carried out for 30
days. Arbutin was used as a positive control and fructose + BSA
as a negative control. Data represents the ± SEM of 3 independent
experiments, ∗∗∗𝑝 < 0.001, ∗∗𝑝 < 0.01, and ∗𝑝 < 0.05.

3.4. Effect of S. italica Acetone Leaf Extract on Adipogenesis.
Figure 4 shows the effect of the extract on adipogenesis.
The extract at 100 𝜇g/ml compared to other concentrations
exhibits adipogenesis activity. The positive control (ADM)
significantly increase adipogenesis compared to all treatment
groups.

3.5. Effect of S. italicaAcetone Leaf Extract on Expression Levels
of Obesity Related Adipokines. Results show no significant
effect on the expression levels of adiponectin, resistin, and
lipocalin-2 after treatment with LPS. The extract shows
a slight and significant decrease in expression level of
adiponectin and lipocalin-2, respectively, in adipocytes that
were not treated with LPS (Figure 5(a)).

Figure 5(b) shows no significant effect on the expres-
sion levels of leptin, RBP4, DPPIV, TNF-𝛼, and IL-6 after
treatment with LPS. The plant extract alone on the other
hand shows a significant decrease in the expression levels of
the above-mentioned proteins in both LPS treated and LPS
untreated adipocytes except for that of TNF-𝛼.

3.6. Effect of S. italica Acetone Leaf Extract on Glucose Uptake.
Glucose uptake analysis of 3T3-L1 adipocytes following treat-
ment with 50 and 100𝜇g/ml of S. italica acetone leaf extract
in the presence and absence of insulin for 4 h was evaluated.
In order to identify the pathway through which S. italica
stimulate glucose uptake, 3T3-L1 were pretreated with PI3K
inhibitor (LY294-002).The extract shows the ability of induc-
ing glucose uptake although there was no significant differ-
ence as compared to the control.The inhibitor at 50𝜇Mshows
a decrease in insulin stimulated glucose uptake (Figure 6).

3.7. Effect of S. italica Acetone Leaf Extract on GLUT4 Translo-
cation. The potential effects of different concentrations of
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Figure 2: The effect of S. italica acetone leaf extract on 3T3-L1
preadipocytes cells treated with various concentrations (25–800𝜇g/
ml). The experiment was carried out for 24 and 48 h using MTT
assay. Untreated cells and Actinomycin D were used as negative
and positive controls, respectively. Data represents the ± SEM of 3
independent replicate experiments, ∗∗∗𝑝 < 0.001.
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Figure 3: Effect of S. italica acetone leaf extract on lipolysis.
Differentiated 3T3-L1 cells were treated with various concentrations
(25–200𝜇g/ml) of S. italica extract. Isoproterenol was used as
a positive control and untreated cells as negative control. The
experiment was carried out for 3 h. Data represents the ± SEM of
3 independent replicate experiments, ∗∗𝑝 < 0.01 and ∗𝑝 < 0.05.
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Figure 4: Effect of S. italica acetone leaf extract on adipogenesis.
Cells were treated with various concentrations (25–200𝜇g/ml) of S.
italica. The amount of accumulated triglycerides was extracted and
quantified. Adipocyte differentiation mediumwas used as a positive
control. The experiment was carried out for 48 h. Data represents
the ± SEM of 3 independent replicate experiments, ∗∗𝑝 < 0.01 and
∗𝑝 < 0.05.

acetone leaf extracts on translocation ofGLUT4 to the plasma
membrane of 3T3-L1 adipocytes are presented in Figure 7.
The extract concentrations tested show a slight increase
in GLUT4 translocation. The extract at a concentration of
100 𝜇g/ml in combination with insulin shows a significant
increase in GLUT4 translocation (𝑝 < 0.05). The green
fluorescence on the cell membrane indicates that GLUT4 has
been effectively translocated (Figure 7(a)) and the FITC was
also quantified (Figure 7(b)).

3.8. Effect of S. italica Acetone Leaf Extract on GLUT4 Expres-
sion. The cells were treated with concentrations of 50𝜇g/
ml and 100 𝜇g/ml of acetone leaf extracts of S. italica in the
presence and absence of 1𝜇M insulin. The extract is shown
to nonsignificantly increase protein expression of GLUT4
in 3T3-L1 preadipocyte cells when in combination with
insulin. Different bands in Figure 8(a) show the expression
levels of different treatments and the bands were quantified
(Figure 8(b)).

4. Discussion and Conclusion

Diabetes mellitus and obesity remain a global health problem
and the use of currently available therapeutics in manag-
ing the conditions remains a huge challenge, coupled with
their availability and cost to the rural poor in developing

countries [15, 16]. Glucose transporter 4 (GLUT4) plays a
crucial role in maintaining whole body glucose homeostasis.
This is achieved through translocation of GLUT4 from an
intracellular pool to the cell surface [17]. Hence, compounds
facilitating GLUT4 translocation can be potentially beneficial
for the treatment of diabetes [18]. Furthermore, altered
balance between energy intake and expenditure can result in
excess storage of triglycerides. Research in the identification
of medicinal plants with potent antidiabetic and antiobesity
agents with less or no side effects and readily available
remains less explored [19]. The current study was aimed at
determining the antidiabetic and antiobesity potential of S.
italica through its effect on GLUT4 translocation, expression,
and adipogenesis in 3T3-L1 adipocytes.

Toxicity testing plays an essential role in determining
the toxic effect and characterisation of test substance. It is
thus important in the development of new drugs and for the
improvement of therapeutic potential of existing molecules
[20, 21]. In this study, the cytotoxic effect of S. italica acetone
leaf extract on 3T3-L1 preadipocytes was assessed. The cells
were exposed to the extract for 24 and 48 h and the results
show that the extract was not toxic to 3T3-L1 preadipocytes at
both time intervals.The higher the CC

50
value, the higher the

concentration that is needed to kill 50% of the cells.The CC
50

values were shown to be >1000 𝜇g/ml at both time intervals
which suggests that the plant extract is not toxic. This
finding could validate the safety use of the plant in clinical
settings.

Glycation is identified as a key molecular mechanism
of chronic diabetic complications. Identification of medic-
inal plants with protein glycation inhibitory potential will
enhance the therapeutic strategies to delay or inhibit diabetic
complications with minimum side effects [8]. Reference [22]
has shown that BSA glycation is much faster in the presence
of fructose. The observed decrease in fluorescence intensity
during coincubation with the plant extract might suggest
that the extract contains compounds that prevent or decrease
the formation of advanced glycation end products (AGEs).
Although there are no studies that have been reported on
the antiglycation potential of S. italica, other authors in
another study have also shown the effect ofMurraya koenigii
inhibition of glycation to be greater than that of aminoguani-
dine (AG), which was used as the standard inhibitor [8].
According to [23] polyphenolic compound in plantsmay play
a major role in the inhibition AGEs. Resveratrol which has
been reported to be present in S. italica extract [24] might
have played a role in the ability of the extract to inhibit
protein glycation. Recent studies have also revealed that
resveratrol has beneficial effects on the liver by extenuating
oxidative stress and downregulation of receptor for AGE
(RAGE) expression in the liver of rats with type 2 diabetes
[25].

Dysregulation of lipidmetabolism is a key feature of some
pathological conditions including diabetes mellitus, insulin
resistance, and obesity [19]. In this study, the effect of S. italica
on adipogenesis and lipolysis inmouse 3T3-L1 adipocyte cells
was also evaluated. The lipid accumulation was measured
based on the triglycerides content of the cells differentiated
at various conditions. Furthermore, lipolysis was assessed
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Figure 5: Effect of S. italica on the protein expression of obesity-associated adipokines. 3T3-L1 adipocytes were untreated or treated with
100 ng/ml LPS, 100 𝜇g/ml SI, and LPS in combination with SI for 24 h. Untreated cells were considered as standard control and LPS as a
positive control. Data represents the ± SEM of 3 independent replicate experiments, ∗∗∗𝑝 < 0.001, ∗∗𝑝 < 0.001, and ∗𝑝 < 0.05.
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Figure 6: Effect of S. italica acetone leaf extract on glucose uptake
in 3T3-L1 adipocytes. Cells were treated with various concentrations
(50–100 𝜇g/ml) in the absence and presence of insulin for 4 h.
LY294-002 was used to inhibit PI3K. Data represents the ± SEM of
3 independent replicate experiments.

through the measurements of glycerol released in the culture
medium.

The current findings revealed the extract does not bring
about a significant increase in adipogenesis and lipolysis
when compared to the untreated control. Triglycerides accu-
mulation during treatment with the extract was significantly
lower than that of adipocyte differentiation medium which
was used as a positive control for adipogenesis. Furthermore,
glycerol released during treatment with the extract was also

significantly lower than that of isoproterenol which was
used as a positive control for lipolysis. Since resveratrol has
been isolated from S. italica [24] and other authors [26]
have observed low triacylglycerol accumulation in 3T3-L1
adipocytes treated with 100 𝜇M of resveratrol for 12, 24, and
48 h, the possibility that the presence of this compound in the
extract that is responsible for the minimal induction of lipol-
ysis in this study is high. A way of evading this is to isolate the
pure compound in this extract that elicits the desired function
whichmay not have negative effect on lipolysis. Some authors
have also found resveratrol to reduce lipid accumulation in
3T3-L1 preadipocytes in a dose-dependent manner [27].

Furthermore, adipose tissues have a major endocrine
function secreting multiple adipokines; many of the adipo-
kines are involved in energy homeostasis. In obese state,
adipocytes are integral to the development of obesity-induced
inflammation by increasing secretion of various adipokines
(including leptin, resistin, lipocalin-2, RBP4, IL-6, TNF-𝛼,
and DPPIV). On the other hand, adiponectin has been found
to be lower in obese individuals [4]. Hence, the effect of
S. italica acetone leaf extract on the expression levels of
obesity-associated adipokines became pertinent andwas thus
evaluated. The results show that S. italica acetone leaf extract
significantly decreased the expression levels of leptin, lipo-
calin-2, RBP4, IL-6, and DPPIV. Decrease in the expres-
sion levels of these adipokines can play a vital role in the
management of insulin resistance, since these molecules are
modulators of insulin resistance. However, the extract did
not show any significant effect on the expression levels of
resistin and TNF-𝛼 but rather a slight decrease which may
serve as a positive indicator in the management of obesity.
Furthermore, the extract is shown to slightly decrease the
expression level of adiponectin which is known to be one



Evidence-Based Complementary and Alternative Medicine 7

Untreated Insulin 50 g/ml SI

100 g/ml SI 50 g/ml SI + I 100 g/ml SI + I

(a)

FI
TC

 in
te

ns
ity

0

20

40

60

80

Untreated
Insulin

SI
SI + I

Untreated Insulin 50 100 50 + I 100 + I
Concentration (g/ml)

∗

∗∗∗

(b)

Figure 7: Effect of S. italica on translocation of GLUT4 to the plasma membrane of differentiated 3T3-L1 adipocytes. The cells were treated
with 50 𝜇g/ml and 100 𝜇g/ml of the plant extract in the presence or absence of 1𝜇M insulin and viewed with fluorescence microscope
(40x magnification) (a) and quantitative immunofluorescence was measured (b). Data represents the ± SEM of 3 independent replicate
experiments, ∗∗∗𝑝 < 0.001 and ∗𝑝 < 0.05.

of the adipokines that produces insulin sensitising effect.
Based on the current findings, it can be suggested that the
pure compound(s) from this extract that elicit the desired
functions that may not negatively affect the expression level
of adiponectin could be isolated.

Glucose homeostasis is determined by glucose produc-
tion and utilisation in insulin sensitive organs and tissues,
including muscle, liver, and adipose tissue. Glucose uptake in
adipose tissues plays a fundamental role in the body glucose
control [14]. Decrease in intracellular pool of transporters
results from insulin resistance in peripheral tissues at the

molecular level which is connectedwith defects in the glucose
transport system. As a result, fewer transporter molecules
are available for translocation to the plasma membrane in
response to insulin, thus affecting the process of glucose
uptake and leading to insulin resistance [28]. Thus, sub-
stances that escalate the peripheral sensitivity to insulin are
useful in the treatment of type II diabetesmellitus. A previous
study from our laboratory (unpublished data) has shown that
S. italica acetone leaf extract exhibits potential in inducing
glucose uptake inC2C12muscle cells. In the present study, the
effect of the extract in stimulating glucose uptake in 3T3-L1
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Figure 8: Western blot analysis of the effect of S. italica acetone
leaf extract on the expression level of glucose transporter 4 (GLUT
4) in 3T3-L1 preadipocytes. Cells were treated with 50 𝜇g/ml and
100 𝜇g/ml of S. italica acetone leaf extract in the absence and pres-
ence of 1𝜇M insulin. Data represents the ± SEM of 3 independent
replicate experiments.

and its possible mechanism of action were evaluated through
the inhibition of PI3K.

The results showed a slight ability of the extract to induce
glucose uptake in 3T3-L1 adipocytes, although the observed
activity was not significant. A nonsignificant antagonistic
effect was also observed when the effect of the extract was
evaluated in combination with insulin, suggestive that the
extract may contain compound(s) that interfere with insulin
action in 3T3-L1 adipocytes. Previous findings in our labo-
ratory showed that the extract exhibits high glucose uptake
when in combination with insulin compared to insulin alone
in C2C12 muscle cells, possibly due to the fact that different
cell lines respond differently through different mechanisms
(unpublished data). For decades, muscles have been consid-
ered to be the main site of insulin stimulated glucose uptake,
with adipose tissue contributing relatively little to total body
glucose disposal [29]. Reference [30] has reported that berber-
ine stimulates glucose uptake in 3T3-L1 adipocytes and L6
myoblasts in an AMPK dependent manner. In this study the
results showed that, during the inhibition of PI3K pathway,
the glucose uptake decreased in all treatments, suggestive of
its involvement in the extract-induced glucose uptake.

The translocation of GLUT4 occurs from intracellular
storage sites to the plasma membrane in response to insulin.
At the cell surface, GLUT4 facilitates the passive transport of

glucose intomuscle and adipose tissue [31]. IncreasedGLUT4
expression on the plasma membrane is important for the
uptake of glucose into the adipose and muscle tissues and
plays a key role in maintaining normal blood glucose level
[32].

The current findings showed S. italica acetone leaf extract
to have increased GLUT4 translocation, even though the
increase was not as significant when compared to the positive
control. Cotreatment with insulin showed a nonsignificant
antagonistic effect, again suggesting the presence of sub-
stances within the extract that interfere with insulin activity.
TheAKTpathway has been reported to increase translocation
of GLUT4 to the plasma membrane in muscle and adipose
tissues [33]. In another study, [34] attributed resveratrol-
mediated activation of AKT in their study to have played
a vital role in GLUT4 translocation. Since resveratrol has
been isolated from S. italica, the possibility of its involvement
in facilitating glucose uptake in this study is paramount.
Findings by [32] demonstrated that gallic acid induced
GLUT4 translocation through the PI3K pathway in 3T3-L1
adipocytes. It is highly likely that S. italica might also be
inducing GLUT4 translocation through a similar pathway, in
this instance.Thismight be confirmed by the inhibitory effect
of LY294-002 on S. italica-induced glucose uptake.

The expression of GLUT4 levels in treated cells was also
assessed. GLUT4 is selectively expressed in insulin responsive
tissues such as adipose and skeletal muscle cells [14]. Accord-
ing to [35], GLUT4 is not highly expressed in fibroblastic
state. In this study 3T3-L1 preadipocytes were used to deter-
mine the effect of S. italica on GLUT4 expression.The results
show that S. italica extract increased GLUT4 expression, as
evidenced by the increase in GLUT4 protein band density
following treatment with the extract (Figure 8(a)). Increase in
GLUT4 expressionmight be due to the presence of flavonoids
in the extract. Several studies have suggested the important
role of flavonoids in enhancing the expression ofGLUT4 [36].
The extract in combination with insulin resulted in higher
GLUT4 expression.This shows a synergy between the extract
and insulin in inducing GLUT4 expression levels.

In conclusion, the results suggest that S. italica stimu-
lates glucose uptake through the PI3K-dependent pathway.
The extract might play a role as a therapeutic agent for
obesity through its ability to downregulate some of obesity-
associated adipokines. Furthermore, the extract might have
compounds that have antiglycation capabilities. However,
further studies are necessary in order to understand which
compound(s) is/are responsible for the regulation of obesity-
associated adipokines. In vivo studies are worth undertaking
in order to determine the effect of S. italica extract within the
living system.
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Background. Wushenziye formula (WSZYF) is an effective traditional Chinese medicine in the treatment of type 2 diabetes mellitus
(T2DM).Aim.This study aimed to identify the effects and underlyingmechanisms ofWSZYF on improving skeletal muscle insulin
resistance in T2DM.Methods. An animal model of T2DM was induced by Goto-Kakizaki diabetes prone rats fed with high fat and
sugar for 4weeks. Insulin resistancemodel was induced in skeletalmuscle cell.Results. In vivo,WSZYF improved general conditions
and decreased significantly fasting blood glucose, glycosylated serum protein, glycosylated hemoglobin, insulin concentration, and
insulin resistance index of T2DM rats. In vitro, WSZYF enhanced glucose consumption in insulin resistance model of skeletal
muscle cell. Furthermore, WSZYF affected the expressions of molecules in regulating T2DM, including increasing the expressions
of p-IRS1, p-Akt, and GLUT4, reducing PTP1B expression. Conclusion. These findings displayed the potential of WSZYF as a new
drug candidate in the treatment of T2DM and the antidiabetic mechanism of WSZYF is probably mediated through modulating
the PTP1B-IRS1-Akt-GLUT4 signaling pathway.

1. Introduction

Diabetes mellitus characterized by deregulation of glucose
and lipid metabolism seriously affects human health. It
affected an estimated 366 million people in 2011 and the
number is projected to be 600 million by the year 2035 [1].
Type 2 diabetes mellitus (T2DM), one of the most common
types of diabetes with the characteristics of insensitivity
to insulin, has attracted great attention [2]. Insulin resis-
tance (IR), an impaired biological response to insulin, is
the pathological basis of T2DM. It refers to the decreased
sensitivity of tissues to insulin, resulting in the reduction
in glucose uptake and utilization [3]. In the body, skeletal
muscle is the main target organ that consumes glucose and
completes approximately 80% of the postprandial glucose
intake and consumption caused by insulin stimulation [4,
5]. However, under the condition of IR, insulin-stimulated
glucose disposal in skeletal muscle is severely damaged and
could not respond to insulin properly.This leads to a defect in

the insulin signaling pathway in muscle and elevating blood
glucose level, which is a key feature of IR in T2DM.Therefore,
skeletal muscle was selected as a therapeutic target ofWSZYF
in the battle against T2DM.

The main proteins in the phosphatidylinositol 3-kinase
(PI3K) signaling pathway, including PI3K, Akt, and glucose
transporter type 4 (GLUT4), play important roles in insulin
signaling transduction.The abnormality of this pathway is the
major cause of T2DM [6]. The signaling cascade is triggered
when insulin connects with the membrane receptor of target
cells. Insulin receptor substrate-1 (IRS-1) phosphorylated by
the activated insulin receptor leads to PI3K andAkt activation
[7]. GLUT4, downstream of PI3K, is the pivotal protein in
controlling glucose uptake and glycogen metabolism [8].
In T2DM, not only is the sensitivity of skeletal muscle to
insulin abated, but also the expression ofGLUT4 is decreased,
which decreases the glucose uptake and utilization and raises
blood glucose level [9, 10]. Moreover, the lack activity of
IRS-1 leads to the reduced phosphorylation of PI3K and
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thereby decreased GLUT4 expression in skeletal muscle cells,
resulting in IR [11].Thus, themodulation of IRS1-Akt-GLUT4
signaling pathway is quite associatedwith the treatment of IR.

Protein tyrosine phosphatase-1B (PTP1B), which leads to
the dephosphorylation of insulin receptor, has the negative
regulation in insulin signal transduction [12]. Studies [12–14]
have demonstrated that inhibition of PTP1B could result in
the phosphorylation of insulin receptor and insulin recep-
tor substrates (IRS), thus improving insulin sensitivity and
decreasing blood glucose level.Therefore, targeting on PTP1B
may be a novel approach for the treatment of T2DM.

Traditional Chinese medicine has made significant con-
tributions to the prevention and treatment of T2DM.WSZYF
is an effective compound in the treatment of T2DM in
clinic. It consists of four Chinese medicines, including Radix
PolygoniMultiflori Preparata,Mori fructus,Mori folium, and
Cassiae semen. It was testified that components in WSZYF,
like resveratrol and 2-styrene glucoside [15, 16], had the
effects on improving insulin sensitivity.The antidiabetic effect
and underling mechanism of WSZYF have not been clearly
explained. In this study, a T2DM rat model and an IR model
of skeletal muscle cell were established to investigate whether
WSZYF could improve glucosemetabolism and IR or not and
how to regulate PTP1B-IRS1-Akt-GLUT4 signaling pathway
by WSZYF.

2. Materials and Methods

2.1. Materials. Insulin assay kit was obtained from Millipore
(USA). Dulbecco’s modified Eagle’s medium (DMEM) and
fetal bovine serum (FBS) were fromGibco (USA).Metformin
was purchased from Squibb Pharmaceutical (Shanghai,
China). Blood sugar meter and blood sugar test paper were
purchased fromSannuoBiosensors (China). Assay kits of gly-
cosylated serum protein and glycosylated hemoglobin were
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). The primary antibodies against PTP1B, p-Akt (phos-
pho S473), GLUT4, and GAPDH were from Bioworld Tech-
nology (USA) and antibody against p-IRS1 (phospho Y612)
was from Abcam (USA). The secondary antibodies were
purchased from Beyotime Biotechnology (China). The herbs
in WSZYF were purchased from Tongrentang Pharmacy
(Tangshan, China).

2.2. Animals and Experimental Design. All the procedures
were conformed to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes
of Health (NIH Publications number 85-23, revised 1996).
Goto-Kakizaki (GK) rats weighing 200 to 300 g were pur-
chased from Shanghai Slack Animal Center (certificate num-
ber SCXK (Shanghai) 2012-0002). Rats were raised in specific
pathogen-free (SPF) room in North China University of
Science and Technology. After one-week acclimation, rats
were fed with high glucose and fat for 4 weeks to induce
T2DM model. Rats with fasting blood glucose ⩾ 11.1mmol/L
and blood glucose ⩾ 16.7mmol/L were randomly divided
into five groups: model group (n = 6, oral administration
of equivalent volume of normal saline), metformin group
(n = 6, oral administration of metformin, 85mg/kg/day),

WSZYF low-dose group (WSZYF (L), n = 6, oral admin-
istration of WSZYF, 300mg/kg/day), WSZYF medium-dose
group (WSZYF (M), n = 6, oral administration of WSZYF,
600mg/kg/day), andWSZYF high-dose group (WSZYF (H),
n = 6, oral administration of WSZYF, 1200mg/kg/day). The
Wistar rats orally given equivalent volume of normal saline
served as the control group. All the rats were raised for
8 weeks. At the end of the study, general conditions were
measured and indexes related to blood glucose and insulin
were tested. Muscle tissues were stored at −80∘C for further
analysis.

2.3. Body Weight, Food Intake, Water Intake, and Urine
Output. The body weight, food intake, water intake, and
urine output of the rats were monitored at the time points
of 0, 1, 4, and 8 weeks and the data of 8 weeks were selected in
this study. For urine output, rats were put into the metabolic
cage after fasting for 12 hours. Urine in 24 hourswas collected.
During this time, they were only provided with food but no
water.

2.4. Blood Chemistry Assay. After eight weeks, blood samples
were collected for blood chemistry measurements. Fasting
blood glucose was measured by using blood sugar meter and
blood sugar test paper. Glycosylated hemoglobin, glycosy-
lated serumprotein, and insulinwere detected by kits analysis
according to manufacturer’s instruction. Insulin resistance
was assessed by a homeostasis model assessment of IR index
as previously described [17].

2.5. Glucose Concentration in the Cell Supernatant Analysis.
Primary cell culture of skeletal muscle was performed as
previous study [18]. Muscle tissue was dissected from the
soleus and cut into small pieces at the size of 0.1 cm3 and
washed 3 times with PBS and DMEM (mixed with 10%
FBS and 2% penicillin/streptomycin). Then the small pieces
of muscle tissue were seeded in culture flasks which were
upside down in in a humidified incubator with 5% CO

2
at

37∘C. After 2 hours, the culture flasks were right side up and
3–5ml culture medium was added. The culture medium was
renewed every three days, while cultures were monitored by
daily observation under an inverted microscope (Olympus,
Japan). Then the cells were purified by differential adherence
and the second generationwas used in the experiment.When
the skeletal muscle cells reached 70% confluence, they were
induced to differentiation by DMEM supplemented with 2%
FBS, 100U/ml penicillin, and 100 𝜇g/ml streptomycin. The
successful differentiation showed that most of the myocytes
had differentiated into multinucleated myotubes and could
be easily identified as muscle cells. Then cells were divided
into several groups: control group, model group, WSZYF-L
(25 𝜇g/L) group,WSZYF-M (100 𝜇g/L) group, andWSZYF-H
(400 𝜇g/L) group. In themodel group, cells werewashed three
times with PBS and insulin (5 × 10−7mol/L) with DMEM
200𝜇l was added for 12 hours. Then the supernatant was
removed and DMEM was added for 24-hour incubation.
Cells in the treatment groups were treated in a similar way,
except that the culture media contained WSZYF in the later
24 hours. In the control group, fresh nutrient solution was
changed at the time points of 12 and 24 hours.
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Figure 1: Effects of WSZYF on general conditions in T2DM rats. (a) Body weight, (b) food intake, (c) water intake, and (d) urine volume.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01 compared with model group.

2.6. Western Blotting Analysis on Proteins Related to Regulat-
ing Insulin Resistance. Proteins related to regulating insulin
resistancewere detected by in vivo study.The collectedmuscle
tissues (120mg) were prepared with RIPA buffer (PPLYGEN,
China) and proteins were extracted according to the manu-
facturer’s instruction. Protein contents were measured with
BCA protein assay kit (PPLYGEN, China). After addition of
loading buffer boiled for 5 minutes, tissue samples were sep-
arated by 10% SDS-PAGE and transferred to NC membranes
(Millipore, Germany). After being blocked with 5% nonfat
dry milk for 2 hours, the membranes were incubated with
different primary antibodies overnight at 4∘C. After washing
with TBST three times, the membranes were incubated with
HRP-conjugated secondary antibodies for 1 hour at room
temperature. Washed three times with TBST, the proteins
were detected with an enhanced chemiluminescence agent
(GE, USA) and quantified by densitometry using an image
analyzer (Bio-Rad, USA). Mouse anti-GAPDH monoclonal
antibody served as an internal control.

2.7. Statistical Analysis. Data were expressed as the mean ±
standard deviation (SD). Statistical analysis was undertaken
by one-way analysis of variance (ANOVA) andDunnett’s test.
Differences between groups were considered as statistically
significant when P < 0.05.

3. Results

3.1. Effects of WSZYF on General Conditions in T2DM Rats.
Food and water intake and urine output in the model group
were significantly higher and body weight was lower than
that of control group. Treatments of WSZYF (M, H) and
metformin increased body weight and decreased food and
water intake and urine output compared with the model
group. These results indicated that WSZYF could amelio-
rate the general conditions of T2DM rats. Low dose of
WSZYF had no significance in food intake or urine volume
(Figure 1).
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Figure 2: Effects of WSZYF on fasting blood glucose, glycosylated hemoglobin, and glycosylated serum protein. (a) Fasting blood glucose,
(b) glycosylated hemoglobin, and (c) glycosylated serum protein. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 compared with model group.

3.2. Effects of WSZYF on Glucose Metabolism Disorders. As
shown in Figure 2, fasting blood glucose, glycosylated
hemoglobin, and glycosylated serum protein increased sig-
nificantly in T2DMmodel group.These results suggested that
glucose metabolism was disrupted. Treatments of WSZYF
and metformin lowered all the three indexes mentioned
above, indicating that they could restore glucose metabolism
disorders.

3.3. Effects of WSZYF on Insulin Sensitivity. Insulin plays a
critical role in themaintenance of blood glucose homeostasis.
Further studies displayed the effects of WSZYF on insulin
sensitivity. Insulin concentration and IR index increased
in model group, which proved the IR occurrence. After
treatments, these two indicators were decreased to be normal,
demonstrating thatWSZYF had the ability to enhance insulin
sensitivity (Figure 3).

3.4. Effects of WSZYF on Glucose Consumption. In order to
test the effect of WZSYF on glucose uptake, an IR model
of skeletal muscle induced by insulin stimulation was estab-
lished. In Figure 4, the glucose concentration in the cell
supernatant of model group was higher than that of control
group, indicating that glucose consumption was decreased
in model group. Treatments of WZSYF decreased glucose
concentration in the cell supernatant, which proved WSZYF
could enhance glucose uptake of skeletal muscle cells.

3.5. Effects of WSZYF on Expressions of Insulin Signaling
Transduction-Related Proteins. We further investigated the
mechanism of WSZYF in the regulation of insulin signal
transduction. As shown in Figure 5, the expressions of P-IRS1,
P-Akt, and GLUT4 decreased, whereas PTP1B expression
increased in model group compared with control group,
indicating that insulin signal transduction was disrupted in
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Figure 3: Effects of WSZYF on insulin and IR index. (a) Insulin concentration and (b) IR index. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with
model group.
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Figure 4: Effects ofWSZYF on glucose consumption. ∗𝑃 < 0.05 and
∗∗
𝑃 < 0.01 compared with model group.

T2DM rats. Expressions of these proteins were reverted to
normal levels in treatment of WSZYF and metformin. The
results showed that the antidiabetic effect of WSZYF may
be mediated by modulating PTP1B-IRS1-Akt-GLUT4 anti-
insulin resistant signaling pathway.

4. Discussion

Insulin resistance of skeletal muscle has been shown to play
a vital role in the pathogenesis of T2DM. In this study, we
demonstrated that WSZYF could exert antidiabetic effect
by improving IR in skeletal muscle. Further in vivo study
suggested that the anti-insulin resistant effect of WSZYF was
potentially triggered by regulating PTP1B-IRS1-Akt-GLUT4
signaling pathway.

In T2DM patients, insulin sensitivity decreases in most
organs and tissues, accompanied with symptoms like hyper-
glycemia, hyperlipidemia, hyperinsulinism, and so on [19].
GK rats, a model of T2DM prone rats, were characterized
by hyperglycemia, hyperinsulinemia, and IR [20]. Due to
these symptoms being similar to T2DM in human, GK rats
are widely used in T2DM research. In this study, GK rats
fed with high fat and glucose for 4 weeks exhibited a series
of T2DM symptoms, including increases of food and water
intake as well as urine volume but reduction of body weight.
Compared with model group, WSZYF could alleviate the
above-mentioned symptoms and better effect was obtained in
a higher dose. Moreover, WSZYF also observably decreased
fasting blood glucose, glycosylated serum protein, glyco-
sylated hemoglobin, insulin, and IR index compared with
those in model group. Meanwhile, in vitro results showed
that WSZYF could also enhance glucose consumption in IR
model of skeletal muscle cells. All of these suggested that
WSZYF could regulate glucose metabolism disorders and
improve IR in T2DM rats.

There are three signaling pathways mentioned in insulin
signal transduction pathways including PI3K pathway, mito-
gen activated protein kinase pathway, and C-Cbl related
protein pathway. Among them, PI3K signaling pathway is the
classical one [21–24]. The normal transduction of PI3K sig-
naling pathway is directly related to the normal metabolisms
of glucose, fat, and protein. Meanwhile, any abnormalities
of PI3K signaling pathway transduction may lead to IR
[25]. In the normal process, IRS is phosphorylated when
insulin combines with its receptor in the surface of skeletal
muscle cell, followed by PI3K activation. The activated PI3K
can catalyze phosphatidylinositol 4,5-bisphosphate (PIP2)
to PIP3, which activates sequence downstream signaling
factor Akt. Phosphorylated Akt translocates GLUT4 to the
plasma membrane to uptake glucose into the muscle, which
contributes to decreasing plasma glucose concentrations [26].
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Figure 5: Effects of WSZYF on proteins related to insulin signal transduction. (a) P-IRS1 relative expression, (b) P-Akt relative expression,
(c) GLUT4 relative expression, and (d) PTP1B relative expression. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 compared with model group.

Therefore, IRS-PI3K/Akt-GLUT4 signaling pathway exerts
vital regulative effect in insulin signaling transduction of
skeletal muscle. Any disorder in this pathway can reduce the
sensitivity of skeletal muscles to insulin, resulting in impaired
glucose uptake, utilization, glucose tolerance, and elevated
blood glucose level [27]. Compared with control group, the
expressions of p-IRS1, p-Akt, and GLUT4 decreased signifi-
cantly inmodel group, indicating that insulin signaling trans-
duction of skeletal muscle was abnormal and IR occurred.

With the treatment of WSZYF, expressions of the signal
molecules mentioned above had been elevated, verifying
that WSZYF improved IR via restoring insulin signaling
transduction of skeletal muscle.

Protein tyrosine phosphatase-1B is an important target for
T2DM treatment and has been proved to play a vital role in
the negative regulation of insulin signaling transduction. It
promotes the dephosphorylation of insulin receptor and IRS
and downregulates insulin signaling transduction, ultimately



Evidence-Based Complementary and Alternative Medicine 7

leading to IR [13]. The expression of PTP1B increased in
model group, thus inhibiting IRS1-Akt-GLUT4 signaling
pathway and resulting in IR. This was similar to other
studies [12, 14]. WSZYF reduced PTP1B expression in a dose-
dependent manner, followed by the restoration of IRS1-Akt-
GLUT4 signaling pathway and mitigation of IR.

5. Conclusion

In summary, we investigated the antidiabetic effect ofWSZYF
in T2DM animal model and IR model of skeletal muscle
in this study. The results demonstrated that WSZYF could
regulate glucose mechanism and IR through modulating
PTP1B-IRS1-Akt-GLUT4 signaling pathway. This study pro-
vides basis for further research on effective components in
the treatment of T2DM.
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